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Abstract 
 
This thesis provided new insights into lateral production by addressing the following 
questions: (1) what are the primary production goals of /l/; and (2) how do the 
articulatory goals of /l/ production relate to their acoustic properties? To investigate 
the production goals of /l/ and the articulatory-acoustic relation, a three-dimensional 
(3D) electromagnetic articulography (EMA) study was conducted with simultaneous 
acoustic recording. Six speakers were recorded. Sensors were located at key points on 
the midline and sides of the tongue to track lateralisation. The analyses made use of 
both mid-sagittal and para-sagittal articulographic measures. Target /l/s were elicited 
in two vowel contexts {/æ/ and /ɪ/} and in two contrastive syllable positions: onset /l/s 
in CVC.lәC frames and coda /l/s in CVl.CәC frames. Context vowels /æ/ and /ɪ/ were 
chosen because of the different constraints that they place on the shape of the tongue 
preceding /l/.  
 
The thesis consists of two experimental chapters. Chapter 3 reports how known 
variations in the timing of mid-sagittal gesture movements are related to para-sagittal 
dynamics in /l/ formation in Australian English. The articulatory analyses show that: 
(1) the temporal lag between tongue tip and tongue dorsum gestures identified in the 
mid-sagittal plane changes across different syllable positions and vowel contexts; (2) 
relative to the temporal lag between gestures in the mid-sagittal plane, the duration of 
para-sagittal lateralisation is stable across syllable positions and vowel contexts; and 
(3) the lateral channel is largely formed by tilting the tongue laterally as opposed to 
curving the tongue within the coronal plane. 
 
xii 
 
Chapter 4 investigated the acoustic properties associated with para-sagittal 
lateralisation in Australian English /l/. Degree of lateralisation was tracked over time, 
by comparing parasagittal tongue height to mid-sagittal height at the tongue blade. 
Analysis of the relationship between formant frequencies and degree of tongue 
lateralisation revealed a positive correlation between F3 values and tongue 
lateralisation on the dominant side. This finding indicates that acoustic 
characterization can be directly related to articulatory data. Tongue lateralisation is a 
strong predictor of F3 frequency. 
 
The results are interpreted as evidence that the formation of the lateral channel is 
under active control. The maximum of tongue lateralisation follows the target of 
tongue middle lowering/tongue dorsum retraction consistently across vowel and 
syllable contexts. Whereas every other measure was context dependent, the interval of 
lateralisation shows stability across contexts despite variation in other articulatory and 
acoustic phonetic measures.  
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Chapter 1. General introduction 
 
Speaking is a skilled activity that involves the temporal coordination of movements of the 
vocal apparatus, takes years for a child to master, and is subject to change throughout a 
lifetime (Kemper et al., 1989). Speech requires complex coordination of speech articulators 
via the lungs, vocal folds, soft palate (velum), nasal cavity, hard palate, tongue, jaw, teeth, 
and lips (McLeod & Singh, 2009, p.1). English /l/ is particularly articulatorily complex (Gick 
et al., 2008; Studdert-Kennedy & Goldstein, 2003; Steven, 1998), due to partially 
independently control of the tongue tip and body in its production. Physiological maturation 
in coordinating control of those multiple components contribute to its late acquisition among 
children (Lin & Demuth, 2015).  
 
/l/ is unique in its articulation, as well as its aerodynamic and acoustic properties. Production 
of most consonants can be adequately described in terms of articulation in the mid-sagittal 
plane, but /l/s are produced with both mid- and para-sagittal articulation. In the mid-sagittal 
plane, the tongue tip is advanced and raised while the tongue body is lowered and retracted. 
At the same time, one or both side(s) of the tongue blade are lowered. This formation permits 
air to escape para-sagittally along the side(s) of the tongue. The formation of these side 
channels has complex acoustic consequences, which will be addressed in detail in the 
Chapter 4. In the production of /l/, there is some constriction in the vocal track; however, the 
constriction is not sufficient to cause any real friction in the airstream, hence it does not result 
in turbulent noise but rather in a voiced approximant. The lack of turbulent noise in the 
airstream makes the /l/ along with other approximant consonants (e.g. /r, w, j/) different from 
other types of consonants (e.g. stop, affricate, and fricative consonants).  
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In addition to these distinct articulatory, aerodynamic, and acoustic characteristics, /l/s show 
complicated patterns of articulatory variability across phonetic environment in many varieties 
of English. In particular, changes in prosodic structure and vowel context are known to affect 
the articulatory coordination of /l/. For example, /l/ in American English contains a tongue tip 
gesture and a tongue body gesture in both syllable-onset and syllable-coda position. The 
difference between the positional variants is in the relative timing of coordination between 
the tongue tip gesture and the tongue body gesture. For syllable-onset /l/s (also described as 
“light” or “clear” [l]), the tongue tip raising/advancing gesture and the tongue body 
lowering/retraction gesture tend to be roughly synchronous; whereas for syllable-coda /l/s 
(described as dark [l]), the lowering/retraction of the tongue body tends to precede the 
raising/advancing of the tongue tip (Sproat & Fujimura, 1993; Browman & Goldstein, 1995).  
 
Previous studies mainly focus on the mid-sagittal articulation, the acoustic characteristics, or 
the articulation-acoustic relations of /l/ production (Sproat & Fujimura, 1993; Browman & 
Goldstein, 1995; Huffman, 1997; Recasens & Espinosa, 2005). Few studies have made 
assumptions about the para-sagittal activities during /l/ production (Stone & Lundberg, 1996; 
Proctor, 2011). From the description of /l/ articulation, we know that the side(s) of the tongue 
blade must lower to permit air to escape along the sides of the tongue. Some questions are 
still left unanswered, such as whether one side of the tongue blade lowers more than the 
other, or how the mid-sagittal articulation patterns are related to the para-sagittal tongue 
blade articulation, or how the para-sagittal articulations may be related to the acoustics of /l/? 
Answering these questions can help us better understand the characteristics of /l/ production. 
 
In order to resolve these questions, articulatory investigation is required. In addition, the 
articulatory-acoustic relations will be examined as well. This dissertation used three-
3 
 
dimensional electromagnetic articulography (3D EMA) with simultaneous acoustic recording 
to investigate the complex nature of para-sagittal tongue blade activities during /l/ production 
and their relationship to mid-sagittal articulation and to acoustic properties of /l/. EMA 
provides dynamic information on tongue movement using temporospatial measures made 
from sensors placed on relevant points on the tongue surface. This dissertation uses the 
technology to solve an empirical issue and a theoretical issue. 
 
1.1 Aims of the dissertation 
The dissertation aims to: 1) investigate the contribution of the para-sagittal tongue blade 
activities and their relationship to mid-sagittal articulatory activities during /l/ production; 2) 
examine the articulatory-acoustic relations of the para-sagittal tongue blade activities.  The 
first aim is related to a long-standing theoretical question about the phonology of /l/s, and the 
second aim is related to an empirical issue. 
 
1.1.1 The theoretical issue 
As previously discussed, /l/s are complex in nature. Their articulatory patterning varies 
substantially according to surrounding phonetic context, such as syllable position. A key 
theoretical question is how the multiple gestures are related and coordinated with each other 
in time and space during the production of /l/ across different vowel contexts and syllable 
positions. The theoretical issue will be addressed within the framework of Articulatory 
Phonology (AP). More details will be discussed in Chapter 2.  
 
 
 
 
4 
 
 
1.1.2 The empirical issue 
Lack of data on para-sagittal tongue activities during /l/ production represents an empirical 
gap. Filling this gap could potentially adjudicate between the different theoretical 
interpretations of the available mid-sagittal data. In addition to this, no previous studies have 
directly addressed the acoustic consequences of the para-sagittal tongue blade activities.  
 
1.2 Outcome of the present study 
The thesis research examines the para-sagittal temporal dynamics of /l/ production in 
Australian English, using 3D EMA, and assesses their acoustic consequences. Articulatory 
and acoustic analyses are conducted to address these core issues.  
  
The articulatory analyses investigate how known variations in the timing of mid-sagittal 
gesture movements are related to para-sagittal dynamics in /l/ production. The analyses show 
that: 1) the temporal lag between the mid-sagittal gestures changes across different syllable 
positions and vowel contexts; 2) the duration of para-sagittal gesture movements remain 
consistent and stable across different positions and vowel contexts; 3) the lateral channel is 
formed by tilting the tongue downward on one side. 
 
The acoustic analyses examine the cues related to tongue lateralisation in the production of 
/l/s. Multiple statistical analyses are conducted to identify the best predictor for tongue 
lateralisation. The results of the statistical models indicate that a specific index of 
lateralisation (which is developed for the study) best predicts F3 frequency, which is the most 
distinctive acoustic property of /l/, and is the primary acoustic difference between English /l/ 
and /r/ (Ladefoged & Maddieson, 1996). 
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1.3 Outline of the dissertation  
The remaining chapters of this dissertation are organized as follow. 
 
Chapter 2 provides an overview of the theoretical framework and the existing research on 
articulatory and acoustic characteristics of /l/s. The frameworks of Articulatory Phonology 
(Browman & Goldstein, 1989, 1992; Salzman & Munhall, 1989) and the Tube Model (Fant, 
1960) are reviewed.  
 
Chapter 3 and Chapter 4 are experimental chapters. They are organized as stand-alone journal 
articles. Chapter 3 is mainly focused on the articulatory characteristics of the para-sagittal 
dynamics of /l/ production. The study explores how gestural movements in the mid-sagittal 
plane are related to the movements in the para-sagittal plane across different syllable 
positions and vowel contexts. Chapter 4 is mainly focused on the acoustic consequences of 
para-sagittal dynamics. The chapter aims to find the most reliable acoustic cues that arise 
from para-sagittal tongue lateralisation.  
 
Chapter 5 presents the implications of the articulatory and acoustic results in light of the 
framework of Articulatory Phonology. It also describes a new perspective on /l/ production 
within this framework.  
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Chapter 2. Review of empirical and theoretical studies on /l/ production 
 
Together with rhotics, laterals constitute the consonant class called liquids. The distinctions 
between rhotics and laterals are based on place of articulation (Walsh-Dickey, 1997). 
According to Walsh-Dickey, /l/ is a coronal-dorsal liquid, whereas /r/ is a coronal liquid. 
Ancient Greek grammarians used the term υγρός (/hy.ɡrós/) to describe a class of sounds 
including laterals 1(γ), rhotics (ρ) and nasals (μ ν). The word is used to describe the "fluidity" 
of syllable weight in Greek prosodic structure (Allen, 1973; Proctor, 2009). The Greek 
word υγρός was translated to Latin as liquidus, meaning “liquids”. The Latin 
word liquidus refers to liquid lateral and rhotic consonants only, not nasals (Walsh Dickey, 
1997; Proctor, 2009). The ancient Greek grammarians had already pointed out that liquid 
consonants are unstable in nature. The lateral /l/ has complex patterns of articulation when 
compared with other classes of consonants in the world’s languages. Before honing in on a 
discussion of /l/ in English, we first discuss laterals across the world’s languages.  
 
2.1 Distribution of /l/s in the world’s languages 
Liquid consonants have been found in almost every language in the world. Over 76% of all 
languages surveyed by Maddieson (2013) have a lateral of the typical type (that is a dental or 
alveolar voiced lateral approximant). Most of these languages (388) have /l/, but do not have 
any obstruent laterals. Languages with /l/s are distributed across the globe, though not 
necessarily equally dispersed across the continents. Just 5% of languages in the survey have 
neither an lateral approximant nor lateral obstruents such as stops, fricatives and affricates 
(consonants that disrupt the airflow), and they are mostly spoken in North America. 8% have 
                                                 
1 Some languages have non-liquid laterals, such as voiced and voiceless lateral affricates and fricatives 
(Ladefoged & Maddieson, 1996; Maddieson, 2013). The Greek does not have such non-liquid laterals, and the 
ancient grammarians therefore did not distinguish between liquid and non-liquid laterals, ad target were clearly 
referring to the liquid types, i.e., varieties of /l/s.  
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both /l/s and lateral obstruents. 1% of them do not have /l/, but do have lateral obstruents. 
17% of them do not have lateral segments of any kind in their consonant inventory. From 
these observations of the distribution of laterals in the world’s languages, we know that /l/s 
are the most common segments among all types of laterals.  
 
Languages with just one lateral have been assumed to be coronal in most of the phonological 
literature (Walsh-Dickey, 1997, p. 20). Coronal is one of the four major places of articulation 
(labial, coronal, dorsal and glottal), and coronal consonants use five manners of articulation, 
namely stops, fricatives, affricates, nasals, and liquids. The feature [coronal] is assumed by 
Walsh-Dickey (1997) to be privative. Within the class of coronals, there are two sub-
categories, namely anterior coronals (e.g., t, d, s, z, n, l) and non-anterior coronals (e.g., ʈ, ɠ, 
ʂ, ʐ, ʃ, ʒ, ʗ, ɲ, ɳ,). Differences between places of articulation are used to encode phonological 
contrasts between /l/s. For example, Russian has distinction between a dark alveolar [l] 
(pharyngeal narrowing), which is non-anterior, and a palatalized [l], which is anterior. 
 
Coronals are articulated with the front part of the tongue. Two main articulation types are 
apical (using the tip of the tongue) and laminal (using the blade of the tongue). Coronals have 
the following sub-places of articulation: lamino-dental, lamino-palatal, apico-postalveolar, 
sublaminal-postalveolar, apico-alveolar, lamino-alveolar, and possibly lateral, alhtough this is 
controversial.  
 
In addition to the contrastive lateral segments, syllable structure differences between the /l/s 
can also affect the production of the consonants. For example, most varieties of English 
distinguish between clear and dark allophones of /l/, determined by syllable position. The two 
/l/s differ in the coordination of the tongue tip and tongue body constrictions involved in 
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English /l/ production. This variation in realization of /l/ in English is systematic and is 
dependent on phonological context.  In the next section, the characteristics of laterals in 
English are described in detail. 
 
2.2 Articulation of /l/s 
In English, /l/s can occur in syllable-onset position, as in lake, in syllable-coda position, as in 
tail, in clusters, as in click, and as syllabic nuclei, as in the final syllabic /l/ of saddle. As 
noted above, there are two allophonic variants of /l/ in English, light or clear [l] and dark or 
velarized [ɫ]. The phonemic status of the two variants of /l/ is dialect specific. Most varieties 
of English have clear [l] in syllable-onset position, and dark [ɫ] in syllable-coda position, 
though some varieties have clear [l] in both syllable-onset and -coda position (Wells, 1982).  
 
This section addresses research on the common articulatory properties of /l/s. The airflow of 
lateral consonants proceeds along the side(s) of the tongue, as distinct from the central 
airflow in other types of consonants. Chomsky and Halle (1968) found that /l/ is produced 
with lowering one or both sides of the section of the tongue just behind the tip, i.e., the 
tongue blade. Catford (1988) found that the centre of the oral passage is blocked so air flows 
out along the sides of the tongue. In addition to the lateral airflow, /l/ is produced by multiple 
tongue components. In order to characterize the articulatory properties of /l/s in English, we 
require knowledge about the tongue movement involved in /l/s. 
 
/l/ has been reported to be realized with two gesture movements whose timing varies 
systematically according to syllable position (Sproat & Fujimura, 1993; Browman & 
Goldstein, 1995). There are two competing claims about the articulatory difference in 
syllable-onset and -coda /l/s. 
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X-ray microbeam data from Sproat and Fujimura (1993) show that the tongue tip movement 
is prior to the tongue body movement in syllable-onset /l/s. In syllable-coda /l/, the sequence 
of the tongue movement is reversed. In addition to the tongue tip and tongue body 2 
movements, they (Sproat & Fujimura, 1993) assumed that the tongue blade narrowing is a 
feature of /l/ production. In terms of the magnitude of tongue movement, the tongue body is 
less retracted in syllable-onset /l/s when compared to -coda /l/s. They interpreted their results 
as evidence that the syllable-onset /l/ and -coda /l/ reflect two ends of gradient variation along 
a continuum depending on the /l/’s position within the syllable. 
 
Narayanan, Alwan and Haker (1997) proposed a modification of Sproat and Fujimura’s 
viewpoint. They examined the sustained /l/s using magnetic resonance images (MRI) and 
electropalatography (EPG). They found that the primary mechanisms for /l/ production are 
the alveolar contact, inward lateral compression and convex cross sections of the posterior 
tongue body region. They claimed that the flattening or grooving of the tongue body 
immediately behind the alveolar contact is a secondary mechanism for /l/ production. The 
secondary mechanism can be the consequence of the alveolar contact and muscular activities 
of the middle and posterior tongue body. Their study fails to incorporate Sproat and 
Fujimura’s evidence for the tongue body motion even in syllable-onset /l/s. This may be due 
to the sustained nature of /l/ in their study. Whether the tongue shape observed for sustained 
/l/ generalizes to fluent speech remains to be investigated.  
 
The above studies have different viewpoints on lateral channel formation, but they all support 
the idea of multiple lingual constrictions in /l/ production. The difference between syllable-
                                                 
2Some authors refer to tongue body, some to tongue dorsum, and some to tongue back. In this thesis, I will 
capture all of those in the term “tongue body”.  
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onset /l/ and -coda /l/ reveals gradient aspects rather than categorical aspects (but see Turton 
2017 for a different perspective on the Sproat & Fujimura results). Electromagnetic 
articulography (EMA) and EPG data from Scobbie and Wrench (2003) show that articulation 
of syllable-coda /l/ in three varieties of English can be both gradient and categorical. They 
found that differences in /l/ between different contexts (e.g. prelabial vs prevocalic) are 
categorical; on the other hand, intra-contextual variation is both gradient and categorical. In 
addition to these, they acknowledge tongue body involvement in syllable-onset /l/. Scobbie 
and Pouplier (2010) also claimed that the lower the alveolar-palatal contact, the greater the 
tongue body retraction and lowering. They concluded that the onset condition is least 
retracted overall. These findings are in line with Articulatory Phonology (Browman & 
Goldstein, 1986, 1989, 1995). 
 
Under the framework of Articulatory Phonology (Browman & Goldstein, 1986, 1989, 1995), 
there are two types of laterals. In the language of Articulatory Phonology (AP), they are 
represented by different gestural coordination patterns between two tongue gestures (tongue 
tip and tongue body movements). X-ray microbem data from Browman and Goldstein (1995) 
show that the tongue tip movement for syllable-coda /l/ is not absent, since most of time, it is 
above the baseline. In general, the tongue tip movement for syllable-coda /l/ is lower 
compared to the movement for -onset /l/. They confirmed that /l/s in American English have 
differential timing between two movements in syllable-onset position and -coda position. 
They concluded that there is a single gestural generalization for /l/ in English. In syllable-
coda position, tongue body movements precede tongue tip movements; while in syllable-
onset position, the movements’ pattern reverses. In terms of lateral channel formation, they 
disagree with Sproat and Fujimura (1993). They (Browman & Goldstein, 1995) claimed that 
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lateral channel formation is purely a secondary consequence of the tongue tip and tongue 
body movements.   
 
Although /l/s differ across dialects and languages, these variants share common articulatory 
behaviours. EPG data from a cross-dialect study conducted by Scobbie and Pouplier (2010) 
show that in the syllable-coda /l/ the tongue tip movement is spatially reduced and the tongue 
body is more retracted in Southern Standard English compared to Scottish Standard English. 
However, not all syllable-onset /l/s are clear /l/, and not all syllable-coda /l/s are dark /l/s. 
Dialects and languages may affect the movement coordination pattern in different syllable 
positions. Turton (2017) investigated lateral /l/s across different variants of British English. 
The articulations of the syllable-onset and -coda laterals are largely consistent with the 
studies mentioned above, but the differences are argued to be more categorical in nature.  
 
Despite these types of phonetic-articulatory differences, the common articulatory behaviors 
across all /l/s include tongue tip and tongue body movements. In the following section, a 
controversial characterization of /l/ will be discussed – the role of tongue blade during /l/ 
production. 
 
2.2.1 Tongue blade articulation of /l/ 
A number of studies have examined lingual articulation exclusively in the mid-sagittal plane 
while acknowledging that there are important aspects to /l/ production (Sproat & Fujimura, 
1993; Ladefoged & Maddieson, 1996; Stone & Lundberg, 1996; Narayanan et al., 1999; Gick 
et al., 2006; Proctor, 2011; Lin, Beddor & Coetzee, 2014; Gick et al., 2017). These studies 
will be reviewed in this section. 
 
12 
 
Evidence of tongue lateralisation is available from past work on /l/. Fujimura, Miller and 
Escolar (1977), Fujimura and Lovins (1978), and Browman and Goldstein (1989), Ladefoged 
and Maddieson (1996) and Narayanan, Alwan and Haker (1996) all found experimental 
evidence for a tongue blade activity in /l/. Ladefoged and Maddieson (1996) found a 
narrowed tongue blade (which indicates tongue lateralisation) in their study. They described 
how para-sagittal articulation at the tongue blade gives rise to the lateral channel(s) that 
characterize /l/: when the tongue tip stretches forward and the tongue body retracts, the two 
antagonistic gestures elongate the tongue and cause the tongue blade at either side or both 
sides to lower, creating a lateral channel for airflow along the sides of the tongue. According 
to them, this is how mid-sagittal articulatory movements create the side channel(s). In their 
view, then, the side channel formation is a passive articulation, secondary to the tongue tip 
and body gestures. 
 
Stone and Lundberg (1996) identified at least three tongue movements in /l/ production, 
including tip-alveolar raising resulting in alveolar contact, convex middle and posterior 
tongue backing, with inward-lateral compression (i.e. tongue lateralisation).  
 
In a study conducted by Narayanan, Alwan and Haker (1996) using magnetic resonance 
imaging (MRI) and electropalatography (EPG), both syllable-onset and -coda /l/s displayed 
linguo-alveolar contact with tongue lateralisation (shown by inward lateral compression) and 
convex cross section of the tongue body. Those authors claimed that the primary lateral 
production includes tongue tip and body movements. In terms of tongue lateralisation (as 
shown by lateral compression), they claimed that it enables the creation of the lateral channel 
formation along the lowered side(s) of the tongue. They found that the tongue shape behind 
the lingual-alveolar contact varies (from a convex tongue shape, to a flat tongue shape, to a 
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grooved tongue shape) across speakers. Based on these observations, they concluded that this 
is not a primary articulatory characteristic. Their conclusion contrasts with a classic study on 
/l/s (Sproat & Fujimura, 1993). 
 
Sproat and Fujimura (1993) considered that English /l/ is phonologically a [+coronal] 
consonant additionally specified as [+lateral]. They argued that the [+coronal] specification 
corresponds to the tongue tip raising gesture movement, and the [+lateral] specification 
corresponds to the tongue blade narrowing gesture. The narrowed tongue blade causes the 
lateral channel(s) to be opened. As a result, the anterior and posterior ends of the tongue 
blade are extended. This is because the volume of the tongue is incompressible, and it is 
displaced as the tongue blade becomes thinner side-to-side by lengthening it (Fujimura & 
Kakita, 1979; Stone, 1990). That is, they assumed that tongue dorsum retraction is a 
consequence of tongue blade narrowing. In this case, tongue blade narrowing is active 
articulation, in contrast to Ladefoged and Maddieson’s (1996) hypothesis that lateral channel 
formation is secondary to tongue tip and body gestures and therefore passive. 
 
Ultrasound data on Spanish and Russian /l/s from Proctor (2011) show that the lateral 
approximants consist of two components: a consonant-like component and a vowel-like 
component (Sproat & Fujimura, 1993; Proctor, 2011). The consonant-like component 
represents the tongue tip gesture and the vowel-like component is regarded as tongue body 
gesture (Browman & Goldstein, 1995). Proctor (2011) inferred the possibility of the 
phenomenon of tongue lateralisation in syllable-onset /l/s. Onset /l/s include a tongue tip 
raising gesture and a tongue body advancing gesture. These two gestures do not elongate the 
tongue and thin out the tongue blade. Thus, tongue lateralisation may be an active gesture. 
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In another ultrasound study, Lin, Beddor and Coetzee (2014) found the involvement of 
tongue blade movement during the production of /l/ in English. They found that the tongue 
blade and tip are raised together. Due to the fact that the tongue tip movement is obscured in 
ultrasound images by the shadow of the jaw, the data in their study are actually tongue blade 
data in the mid-sagittal plane. They did not further examine the tongue blade movement in 
the para-sagittal plane (i.e. tongue lateralisation).  
 
Gick, Campbell, Oh and Tamburri-Watt (2006) found indirect evidence of active tongue 
lateralisation in Serbo-Crotian. They found both tongue tip and body movements occur 
simultaneously across syllable positions. The /l/s are equally “dark”. The timing patterns of 
the two movements are different from other languages examined in this study. These 
languages (Western Canadian English, Quebec French, Squamish Salish, Beijing Mandarin 
and Korean) show different timing patterns across different syllable positons. They suggested 
that the tongue body movement in the dark /l/ of the target language is a secondary 
articulation. They further speculated that active lateral compression of the tongue might cause 
the tongue body retraction.  
 
More recent articulatory data on English /l/s show the involvement of a tongue blade 
movement (Gick, Allen, Rower-Despres, & Stavness, 2017). They found that tongue blade 
bracing during lateral production is constant. The lateral contact is held for 97.5% of the total 
duration. The lateral bracing can be bilateral or unilateral during the production of /l/. 
 
The above studies all support the presence of tongue blade activity during /l/ production. 
However, most of these studies are not indicating whether the tongue blade movement is 
active or passive. One EPG study (Gick et al., 2017) supports the presence of active tongue 
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blade movement. However, the study does not show the relations between the tongue blade 
movement and tongue body movement. Using EPG data, we can only infer the tongue body 
movement. It will of course be desirable to further explore the phenomenon of tongue 
lateralisation during /l/ production and its relation with the other two mid-sagittal 
articulations. Then, we can take a step further to examine the acoustic characteristics of 
tongue lateralisation. These articulatory and acoustic findings will help us better understand 
the characteristics of /l/. The next section will discuss how the observed articulation of lateral 
/l/ is reflected in acoustic measures.   
 
2.3 Acoustics of /l/ 
The acoustic characteristics of laterals are well studied. Past study from Ladefoged and 
Maddieson (1996) found that the frequency of the first formant (F1) is low in /l/s; the 
frequency of the second formant (F2) varies depending on syllable position differences in 
English /l/; the frequency of the third formant (F3) is high compared to rhotics. The first two 
formants of /l/s tend to have a formant structure similar to the glide [w] (Walsh Dickey, 
1997). The difference between the alveolar laterals and the glide [w] is in the F3 frequency. 
According to Olive, Greenwood and Coleman (1993), the frequency of the third formant is 
lower in the glide [w] when compared to the laterals. These are the basic acoustic 
characteristics of lateral consonants.  
 
The syllable-onset /l/s in American English typically have a low F1 at around 295 Hz 
(Lehiste, 1964), and a higher F2 somewhere between 1100~2000 Hz (Lehiste, 1964; Bladon, 
1976; Recasens, 2012). On the other hand, the syllable-coda laterals have a higher F1 (at 
around 455 Hz) and a lower F2 (between 800~1200 Hz) frequencies. To summarise, the 
syllable-onset laterals tend to have lower F1 values and higher F2 values, while the syllable-
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coda laterals tend to have higher F1 values and lower F2 values. This pattern has been 
confirmed in other studies as well. For example, Bladon and Al-Bamerni (1976) found that 
F1 of syllable-coda laterals is between 350~550 Hz; F2 is about 700~1000. In the syllable-
onset laterals, they (Bladon & Al-Bamerni, 1976) found that F1 is between 300~425 Hz and 
F2 is between 1100~1600 Hz. Typically, F1 frequency is associated with tongue tip height, 
and F2 frequency is associated with tongue body. 
 
Past studies have consistently found correlations between the formant frequencies of F1 and 
F2, and tongue movement (tongue tip and tongue body) in the mid-sagittal plane (Sproat & 
Fujimura, 1993; Narayanan et al., 1997). According to Ladefoged, Cochran and Disner 
(1977), the acoustic consequence of the lateral channel formation may include the lessening 
of the intensity of the second formant.  
 
2.4 Articulatory-acoustic relations of /l/ 
One of the most important goals in the study of speech production is to identify the 
relationship between phonological representations and speech signals using acoustic 
measures and articulatory movement patterns. We need an effective framework for this goal 
to be achieved. Many studies define the goal of speech production from an articulatory point 
of view (Salzman & Munhall, 1989; Browman & Goldstein, 1992; Goldstein & Fowler, 
2003), whereas other studies define the goal of speech production from an acoustic point of 
view (Perkell, 1993; Guenther, Hampson & Johnson, 1998; Jones & Munhall, 1998; Perkell, 
Guenther, Lane, Matthies, Perrier, Vick, Wilhelms-Tricarico, & Zandipour, 2000). Since 
Giles and Moll’s (1975) seminal x-ray study, speech production data of all types have 
informed how articulatory and acoustic aspects of speech production are interrelated. The 
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answer of this question is crucial to understanding speech production in general and /l/ 
production in particular.  
 
Narayanan, Alwan and Haker (1997) speculated the acoustic characteristics of lateral 
consonants from their articulatory data. Their estimates predicted that F1 values are 
associated with tongue tip constriction and back cavity size. F2 values, on the other hand, are 
associated with tongue body constriction and front-back cavity distribution.  A few other 
studies provide detailed information on acoustic-articulation relations in the mid-sagittal 
plane (Giles & Moll, 1975; Espy-Wilson, 1992; Huffman, 1997). We know that the lateral 
consonants are made with central (mid-sagittal) closure behind the incisor. The central 
closure causes the formation of the lateral channel along the sides of the tongue blade. 
Stevens (1998) speculated that the formation of the lateral channel has an effect on the 
acoustics. The lateral channel produces a pole-zero-pole cluster in the frequencies below 
5000 Hz. In addition to the lateral channel, the formation of a sublingual cavity (caused by a 
raised tongue tip) has an effect on the acoustics as well. It may produce a zero in the higher 
frequency range, above 5000 Hz. As a result, the frequency of those formants will be reduced 
(Espy-Wilson et al., 1997).  
 
No direct examinations of articulatory-acoustic relations of tongue lateralisation during /l/ 
production in English. However, these findings add to the available data on the characteristics 
of /l/ articulations and acoustics, so that the role of phonetic and phonological principles of 
the lateral approximant can be better evaluated.  
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2.5 Articulatory Phonology 
This dissertation examines the articulatory characteristics of /l/ in English within the 
framework of Articulatory Phonology (AP). AP is the most suitable speech production model 
for the purpose of the current study. It describes lexical units in terms of discrete, physical 
events and their interrelationships (Browman & Goldstein, 1986), and makes no distinction 
between phonetic and phonological planning. This dynamic approach differentiates AP from 
other more static phonology theories, for example, Generative Phonology (Chomsky & Halle, 
1986) and Underspecification Theory (Archangeli, 1988). Within the framework of AP, the 
basic units of phonology are not mental symbols; instead, they are the coordinated gestures of 
the speech system (Browman & Goldstein, 1995). In AP, the central claim is that the basic 
speech production units (primitives) are gestures. The term gesture is used to characterize 
movements within the vocal tract. Gestures are the constriction-forming actions of the 
articulators (lower lip, tongue tip and body) of the vocal tract. According to Browman and 
Goldstein (1989), “a gesture is defined with “the formation and release of a characteristic 
constriction within one of the relatively independent articulatory subsystems of the vocal 
tract”. The gestures are considered as the high-level descriptions, and the articulatory process 
of speech sound production are considered as the low-level descriptions of the same system. 
In this way, phonological planning and phonetic planning can be compared directly. 
 
By contrast, in traditional phonology and phonetics, phonological planning and phonetic 
planning are at two different levels: Phonological planning is abstract and discrete, while 
phonetic planning is continuous and gradient.  A question thus arises within the traditional 
point of view: what is the relationship between phonological specification and the resulting 
phonetic details?  AP provides a computationally explicit formalization of how phonological 
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representations control changes in articulation over time. In the following section, the main 
concepts within the framework of Articulatory Phonology are addressed.  
 
2.5.1 Task dynamics 
Gestures are physical events that unfold during speech production process (Browman & 
Goldstein, 1992). Each gesture has two components of constriction in the vocal tract, the 
formation of constriction (moving towards the target) and the release of constriction (moving 
away from the target). According to Browman and Goldstein (1992), in order to model these 
formation and release of constrictions of coordinated multi-articulator actions, gestures are 
defined in terms of task dynamics.   
 
2.5.2 Tract variables 
In Articulatory Phonology, the dynamic nature of gestures is specified by tract variables. A 
tract variable is defined as a discrete set of parameters that describe the configuration of one 
or more vocal tract articulators. Tract variables characterize dimensions of vocal tract 
constriction. The articulators that contribute to the formation and release of these 
constrictions are organized into a coordinative structure. Within the framework of AP, there 
are eight tract variables. Table 2.1 lists the tract variables and the associated articulators.  
 
Gestures in AP are specified by sets of tract variables. Tract variables are specified in terms 
of their constriction degree and constriction location. Two gestures can contrast with each 
other on their tract variables. Gestures act as the control unit not only for the physical 
movements, but also for the abstract units of contrast lexical items (Hall, 2010). An utterance 
in the framework of AP is specified by a gestural score.  
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Table 2.1: Tract variables and associated articulators (adapted from Browman & Goldstein, 
1995). 
Tract variables Articulators involved 
LP lip protrusion upper & lower lips, jaw 
LA lip aperture upper & lower lips, jaw 
TTCL tongue tip constriction 
location 
tongue tip, tongue body, jaw 
TTCD tongue tip constriction degree tongue tip, tongue body, jaw 
TBCL tongue body constriction 
location 
tongue body, jaw 
TBCD tongue body constriction 
degree 
tongue body, jaw 
VEL velic aperture velum 
GLO glottal aperture glottis 
 
2.5.3 Gestural descriptors 
In the language of Articulatory Phonology, there are four gestural descriptors for 
constrictions. They are constriction degree (CD), constriction location (CL), constriction 
shape (CS) and articulator sets. According to Browman and Goldstein (1989), the set of 
articulators involved in making a constriction are independent from each other.  
 
CD is an articulatory characterization of the relative narrowness of a constriction. It is a 
continuum, with the following discrete settings: [closed], [critical], [narrow], [mid], and 
[wide]. The category of [closed] indicates a tight articulatory closure for a particular gesture 
(e.g. stop consonants).  The category of [critical] refers to a certain degree of constriction for 
a gesture, and fricative consonants are associated with this category. These consonants are 
produced by placing two articulators close together but never form a closure. Approximants 
are associated with [narrow] (Catford, 1977). Vowels are with [mid] and [wide]. In terms of 
/l/, the associated CDs are [narrow] and [wide]. The consonantal tongue tip gesture [closed] 
in /l/ is coupled with a vocalic tongue body gesture [wide]. Under the framework of AP, 
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lateralisation in /l/ is a consequence of a raising tongue tip gesture and a retracted tongue 
body gesture (Browman & Goldstein, 1995; Proctor, 2009, p.16).  
 
CL refers to the location along the vocal tract where the gestural constriction occurs. 
According to Ladefoged (1989), CL takes the value of places of articulation such as [labial], 
[dental], [alveolar], [postalveolar], [palatal], [velar], [uvular], and [pharyngeal]. Some 
gestures have the same articulator sets and the same value of CD and CL, differing only in 
the value of CS. 
 
Taken together, the settings of these descriptors characterize an articulatory gesture in 
multiple dimensions simultaneously.  Figure 2.1 illustrates the articulatory actions of these 
gestural descriptors (taken from Best, Goldstein, Nam & Tyler, 2016). The gestural 
descriptors are not in a hierarchical relationship to each other. However, the articulators are 
organized in a hierarchical way within the vocal tract (See Figure 2.2). 
 
 
 
Figure 2.1: Articulatory actions of gestural descriptors (taken from Best, 
Goldstein, Nam & Tyler, 2016). 
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Figure 2.2: Articulatory geometry and the hierarchy of articulators (taken from 
Best, Goldstein, Nam & Tyler, 2016). 
 
According to Browman & Goldstein (1989), tongue tip, blade and body are the individual 
articulators of the tongue, and therefore together define the class of tongue articulators. Lips 
and the tongue are defined as the class of oral articulators. The vocal tract is comprised of the 
oral articulators along with the velum and glottis.  
 
2.5.4 Gestural scores 
In order to capture the relative phases between the gestures of different articulators, a gestural 
score is required. A gestural score specifies the relative timing between gestures. Figure 2.3 
shows an example of gestural scores for the words “mad” and “ban”. The only difference 
between the two scores is the time of the velic lowering gesture, which opens the velic port 
([wide]) to produce nasalization. For the word mad, the velic gesture lowering occurs early in 
time. For the word ban, this occurs later in time.  
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Figure 2.3: Gestural scores of “mad” and “ban” (taken from Goldstein et al, 
2009). 
 
A gestural score is a physically-based model in the field of speech production (Browman & 
Goldstein, 1992). The inputs are at an abstract level, and the outputs are at the physical level. 
A gestural score acts as the control plan, and it illustrates an utterance and the specification 
for each gesture (for example, the CL of each gesture, the duration of each gesture, and the 
temporal coordination among all the gestures required). A gesture contains a set of tract 
variables, and the tract variables are associated with sets of vocal tract articulators. The vocal 
tract articulators organize the gestures into a hierarchical articulatory geometry (Figure. 2.1). 
These hierarchical articulatory geometries play an important role in defining natural classes 
(consonants that share the same set of features). In fact, this is another major function of 
phonological descriptions according to Browman and Goldstein (1992).  
 
It is widely-accepted that the goals of speech production are task specific (Saltzman, 1986). 
The goal is to produce a constriction. The constriction is achieved by coordination of 
movements by a set of articulators within the vocal tract. This coordination is reflected in 
findings that when the jaw is suddenly perturbed during a lip closure task of producing a /b/, 
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the upper and lower lips immediately compensate for the jaw perturbation (Kelso, Tuller, 
Vatikiotis-Bateson & Fowler, 1984). The goal of lip closure is still achieved, and the 
compensatory motions begin extremely rapidly. When the participants were asked to produce 
/z/, the compensation response was not observed. In the following section, the task specific 
goals are discussed.  
 
2.5.5 Coarticulation and /l/ allophonic variations 
According to Menzerath and Lacerda (1933), the term coarticulation means that two 
successive segments are articulated together, i.e., with an overlap in their gestures. It means 
that one speech segment can be affected by other, adjacent speech segments. For example, a 
vowel may be nasalized when it precedes a nasal consonant in English. Coarticulation can 
also refer to the coordination of multiple gestures within a given segment (Ohala, 1993). For 
example, a labio-velar stop [g͡b] (as in [kʌ ɡ͡bara] in Temne meaning ‘coconut’) has two 
articulations, and both articulations are primary. Coarticulation can also refer to cases when 
one of the articulations is a secondary articulation (Ohala, 1993), e.g., a labialized voiced 
velar stop [gw] (as in [gwo2] in Cantonese meaning fruit. 
 
From an acoustic point of view, speech segments are affected by their surrounding segments 
to varying degrees (Öhman 1966; Liberman et al. 1967). From an articulatory point of view, 
a vocal tract constriction is less affected if it is primary to the articulation than when it is 
secondary to the articulation (Proctor, 2009, p.67).  For example, the production of an 
alveolar stop /d/ requires a tongue tip raising gesture but not a tongue body gesture. A 
surrounding vowel will affect the tongue body directly, but can have an indirect effect on the 
timing or positioning of the tongue tip for the stop consonant (Farnetani 1990; Recasens, 
2002; Proctor, 2009, p. 67). In this case, the influence of the vowel on the /d/ is not 
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particularly strong because the tongue body is not primary to /d/. On the other hand, the 
production of /l/ requires a tongue tip raising gesture and a tongue body retraction gesture 
and/or a tongue blade narrowing gesture.  A preceding vowel has very limited effects on the 
articulation of the /l/ because the /l/ is directly specified for the tongue body. In fact, it is that 
the preceding vowel will strongly affected by the /l/ (Recasens, 2002).  
 
Another study, conducted by Recasens, Fontdevila and Dolors (1995), shows that 
coarticulatory effects for German non-velarized /l/ are greater than Catalan velarized /l/. 
Catalan velarized /l/ shows greater degree of tongue body retraction than German non-
velarized /l/. They also found that the active tongue body lowering for velarized /l/ prevents 
dorso-palatal coarticulation with /i/. They concluded that speakers of both languages use 
coordination mechanisms between the tongue tip and tongue body to produce /l/. Gestural 
coordination patterns vary from language to language. In fact, the patterns are heavily 
influenced in language-dependent ways. Gestural analyses can account for some 
phonological phenomena that other analyses cannot (Fowler, Brady, & Curley, 1991; 
Browman & Goldstein, 1992). Taking /l/ in English as an example again, the consonant has 
different temporal coordination patterns in different syllable positions (i.e. the-syllable onset 
/l/s and the syllable-coda /l/s). Recasens and Espinosa (2005) raised the question whether the 
vocalic coarticulation for laterals varies as a function of syllable position. They postulated the 
relation between vowel coarticulation and the articulatory constraints of /l/ in different 
syllable positions. The effect of coarticulation will be stronger at syllable-onset /l/s than -
coda /l/s if the former is the clear variant and the latter is the dark variant (e.g. as in Received 
Pronunciation English and American English). Alternatively, if the syllable-onset /l/s and -
coda /l/s share the same degree of lightness (e.g. as in German and Italian), then the 
coarticulation effect will be the same for /l/s in different syllable positions. In American 
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English, the tongue tip raising gesture in syllable-onset /l/ is more robust when compared to 
the movement in -coda /l/. The tongue tip raising gesture will be more resistant to the vowel 
effect in syllable-onset /l/s than in syllable-coda /l/s.  
 
To summarise, this section reviewed the framework of AP. In the framework, abstract 
gestures serve as both control units for speech movements and as units of contrast for 
distinguishing lexical items (Browman & Goldstein, 1986, 1989, 1995). Distinctive 
categories of the tract variable parameters were overviewed.  The categorical distinctions 
among the CDs are based in part on the quantal theory of the articulatory-acoustic relation 
(Steven, 1972), to which we now turn.  
 
2.6 Quantal theory of speech production 
The acoustic speech signal is formed by the movements of the speech organs, or articulators. 
When an articulatory dimension is manipulated, a non-linear relation has been observed 
between the articulatory dimension and its resulting acoustics. This phenomenon is known as 
quantal theory. Stevens (1972) observed that the acoustics are insensitive to the change in 
articulation over a part of its range, and at the other part of its articulatory range the acoustics 
can change rapidly, and at another part the acoustics can be insensitive again. The insensitive 
region is known as the stable region, and the rapid change region is unknown as the unstable 
region. According to Stevens (1972), this type of articulatory and acoustic relation defines a 
distinctive feature. In addition to the feature-defining articulatory and acoustic attributes, 
articulatory gestures and their resulting acoustics can also enhance the perceptual saliency of 
the defining attributes (Stevens & Keyser, 2006). They proposed to add an enhancing gesture 
to a defining gesture. The added enhancing gesture can make an adjustment to the defining 
acoustic attribute. Stevens & Keyser (2006) considered the tongue blade gesture as an 
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enhancing gesture (i.e. non-primary gesture) for /l/. The convex tongue blade shape can 
create a narrow section in the oral cavity, and it can strengthen the spectrum prominence in 
F3.  
 
This proposed relation assumes that only one feature-defining articulatory parameter is 
manipulated. A question arises: What happens when there are multiple feature-defining 
articulatory parameters? 
 
2.7 The tube model of speech production 
Fant’s (1960) vocal tract tube model has provided the classic framework for estimating the 
effect of the articulatory constrictions for vowels and consonant acoustics. This model 
(Figure 2.4) conceptualizes the vocal tract as three serially-connected tubes: a back tube (a 
back cavity) with length ℓ4, a middle tube (the tongue section) with length ℓ3 and a front 
tube (a front cavity) with length ℓ2. The back tube ends at the glottis (on the left side) and 
opens at the junction with the middle tube. The front tube opens at the lips (on the right side) 
and ends at the junction with the middle tube. The length of the additional lip section (ℓ1) is 1 
cm and the total length of the tube is 15 cm. The cross-sectional area of the front (a2) and 
back (a4) tubes is 8 cm2. The length of the middle tube is 5 cm, and it is terminated by the 
adjacent tubes, namely the front tube and the back tube. The place and cross-sectional area of 
this tube can be varied. In extreme position, the three-tube model can be a single tube plus the 
lip section (Fant, 1960, p. 74). 
 
Vowel production and the resulting acoustics can be modelled with just the front and back 
tubes (the two-tube model), while consonants require the full three-tube model: a back tube, a 
narrow middle tube corresponding to the primary vocal tract constriction, and a front tube. 
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The back tube and the middle tube are half-wavelength resonators, while the front tube is a 
quarter-wavelength resonator. The resonance frequencies increase as the length of the tube 
decreases. The lengths of the front and back tubes usually depend on whether the consonant 
constriction is at the front, middle or back of the vocal tract. Only the middle tube is 
necessarily short; the front and back tube length could be long or short or intermediate, but 
are usually in complementary lengths to each other. For example, if the back tube is about 4–
8 cm long, F1 is a resonance of the front tube and F2 is a resonance of the back tube. Unlike 
vowel sounds, consonant sounds have no front/back coupling. Therefore, there is wider 
spacing between formants, with sudden changes in the number of formants present at the 
boundaries between consonantal and non-consonantal segments.  
 
 
Figure 2.4: Schematic illustration of Fant’s (1960) three-tube-model. The 
model consists of three tubes: a back tube, a middle tube and a front tube plus 
an additional lip section. The glottis is on the left side and the lip is on the right 
side. The total length of the tube (ℓ), lip section (ℓ1) and middle tube (ℓ3) are 
15cm, 1cm, and 5cm, respectively. ℓ2 and ℓ4 represent the length of the front 
and back tubes. The cross-sectional area of front (a2) and back (a4) tubes are 
8cm2. The juncture between the middle tube and the back tube (or the front 
tube) can slide back and forth. This is how the tube configuration changes and 
shapes different speech sounds over time (taken from Fant, 1960, p. 74).  
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The front tube (the oral cavity) is the most important part of the vocal tract for understanding 
the effects of articulatory gestures on acoustics. The movements of the velum (soft palate), 
tongue and lips can change the size, shape and acoustics of the oral cavity, which includes the 
front and middle cavities. The first formant (F1) is negatively correlated with the back tube 
length. Raising the tongue pulls the tongue body/root upward out of the pharyngeal space, 
increasing the pharyngeal space, which results in a low F1. Lowering the tongue pushes the 
tongue body/root down into the pharyngeal space, decreasing the pharyngeal space and 
producing a high F1. The second formant (F2) is usually correlated with the front tube. 
Tongue body retraction and advancement can all affected F2. Tongue body retraction 
increases the length of the oral cavity, which lowers F2 frequency. Tongue body 
advancement, conversely, decreases the length of the oral cavity and raises F2 frequency. 
 
The top panel of Figure 2.5 shows an illustration of the oral cavity (top view) during the 
production of /l/, and the bottom panel shows a tube model of /l/ (top view). The lateral 
channels along the sides of the tongue are created by the medial contact of the tongue tip and 
modelled here as an additional post-constriction branching cavity in the side-cavity area 
(Stevens, 2000; Narayanan et al, 1999). The side cavity acts as a side-branching resonator to 
the main tube, and this causes anti-formants. The anti-formants absorb energy from the main 
tube (Harrington, 2010). This may explain the overall low amplitude of /l/s. According to 
Atal (1985), anti-formants cause a spectral dip at the anti-formant frequency. It remains 
unknown, however, which acoustic cues are directly associated with tongue lateralisation 
(formation of lateral channels) in /l/.  
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Figure 2.5: The top panel shows the configuration of the oral cavity with an idealized 
side channel during /l/ production, as viewed from above. The bottom panel shows a 
tube model of vocal tract configuration of /l/, as view from above (taken from 
Narayanan et al., 1999). 
 
2.8 The present study 
Some past studies (Sproat & Fujimura, 1993; Browman & Goldstein, 1995; Stone & 
Lundberg, 1996; Narayanan et al, 1997) have addressed the issue of lateral channel 
formation. According to Sproat and Fujimura (1993), /l/ is produced with an actively 
narrowed tongue blade. The narrowed tongue blade causes the lateral channel(s) to be 
opened. As a result, the posterior end of the tongue blade becomes extended towards the 
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pharyngeal wall. This is because the tongue’s volume is incompressible, and it is displaced to 
make the tongue blade thinner side-to-side by lengthening the blade (Fujimura & Kakita, 
1979; Stone, 1990). If Sproat and Fujimura’s speculation is true, then we would expect the 
tongue dorsum gesture to be time-locked to the formation of the lateral channel. In this case, 
both the tongue tip raising and the tongue blade narrowing are active gestures, and the tongue 
dorsum retraction is passive because it results from active tongue blade narrowing. The term 
active lateralisation is assigned to describe the active process. 
 
Alternatively, Browman and Goldstein (1989) argued that the tongue blade in /l/ has a 
[narrow] value for constriction shape. However, they did not conclude that the narrowed 
tongue blade is the active cause of the anterior or posterior lengthening. Instead, they 
proposed that the narrowed tongue blade is passively caused by the combination of tongue tip 
raising and tongue dorsum retraction. This is to say that the tongue blade narrowing is not 
under direct gestural control. According to Browman and Goldstein, then, the tongue tip 
gesture and tongue dorsum gesture are both active gestures, while the tongue blade narrowing 
is a passive gesture. They assigned the term passive lateralisation to describe the secondary 
tongue blade narrowing process.  
 
However, those earlier studies were limited by the existing technology of the time; the 
researchers were unable examine the issue of lateral channel formation directly. The study 
aims to resolve the following issues:  
 
 
 
 
32 
 
 
1. The para-sagittal dynamics of /l/, which we investigate within the framework of 
articulatory phonology; 
 
2. The relation between the para-sagittal dynamics and mid-sagittal dynamics during /l/ 
production (i.e., the temporal coordination pattern between the two); 
 
3. The acoustic-articulation relations of para-sagittal channel formation (i.e., identifying 
the most suitable acoustic predictor for lateral channel formation). 
 
Resolving these issues could potentially adjudicate between different theoretical 
interpretations of the available mid-sagittal data. Since /l/ involves multiple observable 
gestures, the natural theoretical question is how the gestures are related.  
 
2.8.1 The target language 
Australian English (AusE) is the target language in this study. It contains the two variant 
realizations of /l/ (light and dark), as required for this study’s aims of identifying the primary 
articulatory goal, and the relationship between the acoustic and articulatory properties, in 
production of positional allophones of /l/. In addition, very few studies have investigated the 
articulatory characteristics of /l/ in AusE and most of these were focused on the acoustic 
characteristics. The few prior articulatory studies of AusE have all examined only mid-
sagittal activities. So far, lateral channel formation has not been studied in AusE. Only few 
articulatory studies have been examined the lateral side channel in American English 
(Narayanan et al., 1997). In this section, the phonology of AusE is introduced, with particular 
focus on /l/ and on AusE vowels, as they potentially influence production of adjacent /l/s. 
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According to Cox and Palethorpe (2007), the AusE vowel system contains twelve 
monophthongs. Six of these vowels are lax (short) vowels, the others are tense (long) vowels. 
The lax vowels are about 40% shorter compared to the tense vowels (Cox, 2006; Yuen, Cox 
& Demuth, 2014). Among all the lax vowels in the AusE vowel system, /æ/ has the longest 
duration (Bernard, 1967; Cox, 2006). In addition to the tense-lax vowel contrast, vowels are 
also distinguished by height and backness. In AusE, heed, hid, who’s and hood vowels are 
high vowels; hair, head, herd, horde, hod vowels are mid vowels; had, hard, and hud vowels 
are low vowels. Heed, hid, hair, head and had vowels are front vowels; who’s, herd, hard 
and hud vowels are central vowels; hood, horde and hod vowels are back vowels.  
 
Figure 2.6 shows a representation of AusE monophthongs relative to the cardinal vowels 
within the vowel space. According to Cox and Palethorpe (2010), there are some individual 
differences or variations in vowel pronunciation. In some cases, /e/ is pronounced as [ɪ] or as 
[æ]. Two factors can affect vowel pronunciation: speaker-specific characteristics and co-
articulation effects, i.e., consonants such as /l/s affecting the preceding vowels (Cox, 2012). 
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Figure 2.6: Locations of the Australian English monophthongs relative to the 
cardinal vowels within the vowel space, displaying vowel height (y-axis) and 
vowel frontness (x-axis) (taken from Cox 1996). 
 
Compared to vowels, English consonants show fewer regional accent differences in general. 
Most English dialects share the same pronunciations of consonants; however, there are some 
regional accent differences for some consonants. For example, and relevant to the current 
study, AusE /l/ in final position can sometimes be produced or perceived as heavily verlarised 
[ɫ], and can sometimes be partially or completely vocalized, that is, produced as a vowel 
(typically with a quality resembling [ʊ]) (Cox, 2012, p. 92), i.e. there is no tongue-tip contact. 
The phenomenon is known as l-vocalisation. The difference between a vocalized /l/ and a 
syllable-coda /l/ (dark /l/) is not clearly defined (Giles & Moll, 1975; Scobbie & Wrench, 
2003; Turton, 2014). Giles and Moll (1975) found that the syllable-coda /l/ in American 
English sometime can be vocalized. This brings up the debates of categoricity vs. gradience 
(Turton, 2014). The l-vocalisation was thought to be categorical in Giles and Moll’s study. In 
another study, Hardcastle and Barry (1985) found that the lingual-palatal contact is at the 
sides rather than at the centre in vocalized /l/s. They interpreted the result as an example of 
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articulatory reduction. In their study, the l-vocalisation was reported to be gradient. In fact, 
most sociolinguists and phonologists treat l-vocalisation as a categorical phenomenon, while 
phoneticians differ, and may consider it either to be categorical or to be gradient (Turton, 
2014). Since l-vocalisation is not a common occurrence in the greater Sydney metropolitan 
area (Borowsky, 2001; Horvath & Horvath, 2002), the debate on the categorical or gradient 
nature of l-vocalisation will not be further elaborated here.  
 
2.8.2 Instrumental technique used 
In this study, articulation of /l/ with preceding and following vowels in Australian English 
was examined by using three-dimensional (3D) electromagnetic articulography (EMA) and 
simultaneous acoustic recording. 3D EMA is an effective tool to track tongue movements 
because it uses a flesh-point tracking system. The system tracks the movement of small 
sensors attached to the articulators of interest. The system can monitor the movements of lips, 
jaw, different tongue components and velum in three-dimensional space (Hoole & Zeirdt, 
2010). In addition to these, EMA is high in spatial (~0.3 mm) and temporal (100-400 Hz) 
resolution (Tiede et al., 2010). Also, it tracks flesh points over time. It also has the ability to 
measure para-sagittal articulation. The radio frequency radiation level is biologically 
insignificant. The method is safe and non-invasive compared to other methods (e.g. 
Electromyography).  
 
This is not to say that EMA is a perfect instrumental technique. It has a few drawbacks. First, 
the sensors may fall off during the recording session. Second, the equipment is expensive 
compared to other instrumental techniques (e.g., Ultrasound). Nonetheless, EMA is 
especially good for measuring co-articulation (i.e., overlap of articulatory gestures along 
temporal domain), which is a key component of the present study, which examines the effect 
36 
 
of preceding high versus low front vowels on /l/ articulation. Besides helping to identify the 
effects of coarticulation, EMA provides rich kinematic information on both tongue tip and 
tongue dorsum. As mentioned earlier, these two tongue components are vital to /l/ 
production.  
 
The EMA system used in this study is the WAVE system (Northern Digital, Inc.). It uses 
eight strobed transmitters and all operate at 3000 Hz (Berry, 2011; Tiede & Moonshammer, 
2013). The transmitters are embedded in a field generator connected to a control unit, which 
generates an electromagnetic field (Savariaux et al., 2017). The transmitters induce voltages 
in the sensor coils positioned within the electromagnetic field. The orientation and the 
position of the sensors, which are continually recorded during a test session, are reconstructed 
by comparing the voltage to a set of reference values (Perkell et al., 1992; Zierdt et al., 1999; 
Tiede et al., 2010; Savariaux et al., 2017). 
 
Two other frequently used instrumental techniques are ultrasound and electropalatography 
(EPG). Unlike the EMA fleshpoint-tracking system, ultrasound provides images of surface of 
the tongue. During the recording session, a participant holds a transducer under her/his chin. 
The transducer produces a wedge-shaped scan of ultrasound wave (McLeod & Singh, 2009, 
p.4). The ultrasound wave travels through the tongue body and shows the image of the upper 
surface of the tongue as the edge between tissue and air in the vocal tract. One of the major 
drawbacks of ultrasound is that the tongue tip is not visible due to the acoustic shadow of the 
jaw (McLeod & Singh, 2009, p. 4). For this reason, this instrumental technique is not suitable 
for the purpose of this study, as we need to determine the actions of the tongue tip during /l/ 
production. The tongue root is also not visible in ultrasound speech studies due to the 
acoustic shadow of the hyoid bone. 
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EPG provides information on the pattern of linguo-palatal contact during speech production. 
It can show the contact in three zones: alveolar, palatal, and velar (Hardcastle & Gibbon, 
1997; McLeod & Singh, 2009, p. 7). Unlike ultrasound, EPG can record the linguo-palatal 
contact immediately behind the front teeth. One major drawback of EPG is that a special 
artificial palate is required for each speaker, and these are no longer being manufactured. 
Secondly, it only displays actual contact of the tongue, and cannot capture constrictions that 
do not involve contact with the palate, as is the case for lateral channel formation in /l/. 
Thirdly, it provides very limited information on the contact pattern towards the back portion 
of the tongue (e.g., it would not capture tongue dorsum retraction well for the present study).  
 
The next two experimental chapters address these questions in detail. They are written in the 
form of stand-alone journal articles and they have been submitted to journals. 
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Abstract 
Research on the temporal dynamics of /l/ production has focused primarily on movements 
within the mid-sagittal plane. This study reports how known variations in the timing of mid-
sagittal gesture movements are related to para-sagittal dynamics in /l/ formation in Australian 
English (AusE), using three-dimensional electromagnetic articulography (3D EMA). The 
articulatory analyses show that: (1) the temporal lag between tongue tip and tongue dorsum 
gestures identified in the mid-sagittal plane changes across different syllable positions and 
vowel contexts; (2) relative to the temporal lag between gestures in the mid-sagittal plane, the 
duration of para-sagittal lateralisation is stable across syllable positions and vowel contexts; 
and (3) the lateral channel is largely formed by tilting the tongue laterally as opposed to 
curving the tongue within the coronal plane. This last conclusion is drawn by comparing the 
magnitude of tongue curvature in the coronal plane with the difference in tongue height 
between a sensor placed para-sagittally on the tongue blade and the height of the tongue in 
the mid-sagittal plane. These results are interpreted as evidence that the formation of the 
lateral channel is the primary articulatory goal of /l/ production.  
Keywords: lateral approximant; para-sagittal articulation; lateralisation; articulatory 
phonology; intergestural coordination; Australian English. 
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3.1 Introduction 
Laterals exhibit complex patterns of articulation. Most notably, /l/ production requires 
constrictions formed through the coordination of different parts of the tongue in the mid-
sagittal plane as well as para-sagittally (Stone & Lundberg, 1996; Proctor, 2011; Lin, Beddor 
& Coetzee, 2014). Moreover, the relative timing and magnitude of the constrictions involved 
in lateral production vary according to phonological environment (Strycharczuk & Scobbie, 
2019). In particular, changes in syllable positions and vowel contexts are known to affect the 
articulatory coordination of constrictions in the mid-sagittal plane (Sproat & Fujimura, 1993; 
West, 1999; Wrench & Scobbie, 2003).  
 
These findings are also supported by other studies (e.g., Browman & Goldstein, 1995; 
Scobbie & Pouplier, 2010). Browman and Goldstein (1995) found that /l/ involves an apical 
extension gesture of the tongue tip (coronal) and a dorsal lowering/retraction gesture (tongue 
body). Proctor (2011) provided evidence on laterals in Spanish, which are typically described 
as light, and in Russian, in which the non-palatalized laterals are typically described as dark. 
Ultrasound data suggest that the Spanish lateral /l/ is produced with an anterior tongue 
dorsum target resembling that of a mid-front vowel /e/. The Russian non-palatalized lateral is 
produced with a dorsal gesture that has a uvular-pharyngeal target resembling that of a mid-
back vowel /o/. In laterals in both languages, these dorsal gestures were coordinated with 
more consonant-like coronal components.  
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Scobbie and Pouplier (2010) presented electropalatography (EPG) data on the English word-
final /l/. They found that the realization of /l/ in prevocalic, intervocalic and postvocalic 
positions (also in the context of the high-front vowel /i/) involves both tongue tip raising and 
tongue dorsum retraction gestures. They also showed that both vocalized and syllable final 
/l/s have tongue tip and tongue dorsum gestures. Strycharczuk and Scobbie (2019) found that 
/l/-vocalization primarily reflects a gradient weakening of the tongue tip gesture in Southern 
British English (from full contact to full reduction) in a corpus of ultrasound data. Turton 
(2017) examined ultrasound data on English /l/ produced by speakers of Received 
Pronunciation (RP), London, Manchester, Newcastle and Belfast English in the UK, in ten 
phonological environments (phrase-final, foot-initial, suffix intervocalic, morpheme 
boundary, internal boundary, word-final internal boundary, word-final phrase boundary, 
phrase-final, and word-final pre-consonantal positions). All /l/s were again followed by the 
high-front vowel /i/. Patterns varied across different phonological boundaries but were 
consistent for typical syllable-onset and -coda /l/. For example, the RP speaker’s syllable-
onset /l/s showed a typical “light” realization, with tongue tip advancement and tongue root 
backing, but the speaker’s syllable-coda /l/s showed a typical “dark” realization, with tongue 
dorsum retraction, tongue body lowering and tongue tip lowering (as compared to a typical 
light /l/). The London-accented speaker showed a similar pattern to the RP speaker in 
syllable-coda and -onset /l/ production. The Manchester-accented speaker did not show 
obvious light vs. dark distinction. The Belfast speaker showed no variation in light and dark 
/l/s in eight phonological environments, except in the foot-initial position (as in believe) and 
the phrase-final position (as in peel). On the other hand, the Newcastle speaker’s production 
was more variable comparing to other speakers. Three production patterns have been found, a 
typical light realization, a typical dark realization and a realization in between.  
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None of the prior studies, however, evaluated parasagittal activity. In order to understand the 
phonological characterization of /l/, it is necessarily to relate gesture movements in the mid-
sagittal plane to the formation of the lateral channel during /l/ production. But there is 
comparatively little data on how these variations in the mid-sagittal plane influence the 
timing of lateral channel formation, i.e., para-sagittal dynamics. The study reported here was 
designed to provide the answer regarding that critical relationship and thereby inform our 
understanding of how lateral channel formation may relate to the phonetic and phonological 
characteristics of /l/. 
 
3.1.1 The phonological characterization of /l/ 
Ladefoged and Maddieson (1996) propose that mid-sagittal articulation alone could give rise 
to the lateral channel(s) that characterize /l/: when the tongue tip stretches forward at the 
same time that the tongue dorsum retracts, the two antagonistic gestures elongate and thus 
thin out the tongue, causing the tongue blade at one or both sides to pull away from the side 
teeth, creating a lateral channel for airflow along the sides of the tongue. In this view, lateral 
channel formation is not an active articulation; rather, it is a passive effect of active tongue 
tip and dorsum gestures. Accordingly, it is not necessary to specify laterals in terms of a 
feature [+lateral] because the lateral channel can be derived from the tongue movements 
observed in the mid-sagittal plane. 
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This hypothesis for how mid-sagittal articulatory gesture movements create side channels has 
a natural fit within the Articulatory Phonology framework (Browman & Goldstein, 1989, 
1992). Articulatory Phonology describes lexical units in terms of discrete, physical events 
and their interrelationships (Browman & Goldstein, 1989), and makes no distinction between 
phonetic and phonological planning. This dynamic approach differentiates Articulatory 
Phonology from theories that specify laterals in terms of static features (e.g., Chomsky 
& Halle, 1968). The central claim in Articulatory Phonology is that the basic speech 
production units are gestures, which characterize movements of various articulators within 
the vocal tract. In Articulatory Phonology, the dynamic nature of gestures is currently 
specified by eight tract variables, which are a discrete set of parameters that describe the 
configuration of one or more vocal tract articulators. Notably absent from the list is a gesture 
for lateral channel formation. Table 3.1 lists the tract variables and their associated 
articulators. 
 
Table 3.1: Tract variables and associated articulators (adapted from Browman & Goldstein, 
1995). 
Tract variables Articulators involved 
LP Lip protrusion Upper & lower lips, jaw 
LA Lip aperture Upper & lower lips, jaw 
TTCL Tongue tip 
constriction location 
Tongue tip, tongue body, jaw 
TTCD Tongue tip 
constriction degree 
Tongue tip, tongue body, jaw 
TBCL Tongue body 
constriction location 
Tongue body, jaw 
TBCD Tongue body 
constriction degree 
Tongue body, jaw 
VEL Velic aperture Velum 
GLO Glottal aperture Glottis 
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Tract variables characterize dimensions of vocal tract constriction. The articulators that 
contribute to the formation and release of each constriction are organized into a coordinative 
structure. Gestures in Articulatory Phonology are specified by two tract variables for each 
oral articulator: constriction degree (CD) and constriction location (CL). Two gestures can 
contrast with each other on their tract variables. Gestures act as the control unit for the 
physical movements and also for the abstract units contrasting lexical items (Hall, 2010). 
Forming an utterance in the framework of Articulatory Phonology is achieved by a gestural 
score, which specifies the activation duration of each gesture as well as the relative timing 
between gestures. Browman and Goldstein (1989) suggested that /l/ has a tongue blade 
gesture and a narrowed constriction degree. However, they did not conclude that the 
narrowed tongue blade is under direct gestural control. On the contrary, they proposed that 
the consequence of tongue tip raising and tongue back retraction is a narrowed tongue blade, 
and that the main articulatory properties of American English /l/ arise through the 
coordination of the tongue tip raising and tongue back retraction gestures, compatible with 
Ladefoged and Maddieson’s proposal (1996). This is because the volume of the tongue is 
incompressible; lengthening the tongue along the midline of the tract will reduce its width in 
the coronal dimension, perpendicular to the mid-sagittal plane (Fujimura, 1978; Stone, 1990). 
However, it is possible that another mechanism might be used to create lateral channels: 
active para-sagittal articulation. Studies by Stone and Lundberg (1996), Narayanan, Alwan 
and Haker (1997), and Lin, Beddor and Coetzee (2014) indirectly suggest the possibility that 
production of /l/ in American English also involves the active lateralisation of the tongue. 
This view is also supported by Sproat and Fujimura (1993), who argue that English /l/ can be 
phonologically represented as [+coronal] and [+lateral]. According to Sproat and Fujimura 
(1993), laterals are produced with a narrowed tongue blade, which causes the lateral 
channel(s) to be opened, although they were not able to observe this directly in their X-ray 
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microbeam data (which was mid-sagittal only). Similarly, in the case of onset laterals in 
English, and laterals in other languages where the tongue body gestural target does not result 
in lingual elongation, it has been proposed that the narrowing of the tongue blade might be an 
actively controlled movement (Proctor, 2011).  
 
Crucially, the phonological characterization of /l/ has not yet been informed by data that 
relates movements in the mid-sagittal plane to para-sagittal involvement in the formation of 
the lateral channel in /l/.  
 
3.1.2 The present study 
The aim of the present study was to collect data that would bear on the production goals of 
/l/. This includes verifying what is already known about /l/ variation in the mid-sagittal plane 
and augmenting these findings with new direct articulographic data on para-sagittal 
movement during /l/ formation and new metrics for quantifying changes in para-sagittal 
movements over time. To investigate the articulatory goals of /l/ production, we sought to 
determine the relation between mid-sagittal and para-sagittal gesture movements. To 
capitalize on known systematic contextual variations in the timing of mid-sagittal gesture 
movements, syllable position and vowel context were manipulated. Specifically, syllable-
onset and syllable-coda /l/s were examined in English words of the form /ˈCVb.lәt/ and 
/ˈ(C)Vl.bәt/ with V = {/æ/, /ɪ/}. The elicitation materials thus manipulated the vowel 
preceding /l/, either /æ/ or /ɪ/, and the syllabic position of /l/, either as a syllable-onset in a 
/ˈCVb.lәt/ form or as a syllable-coda in a /ˈ(C)Vl.bәt/ form. These manipulations are known 
to influence gestures in the mid-sagittal plane during production of /l/; our study examines 
whether there is also concomitant variation in the para-sagittal dynamics of lateral channel 
formation.  
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The vowels /æ/-/ɪ/ were chosen because of the different constraints that they place on the 
shape of the tongue preceding /l/. During the production of /l/, the tongue tip (TT) is raised, 
the tongue middle (TM) is lowered, and the tongue dorsum (TD) is retracted gradually 
(Sproat & Fujimura, 1993; Goldstein, 1995; 1996; Campbell & Gick, 2003). In Stone and 
Lundberg’s (1996) electropalatography (EPG) data, tongue-palate contact occurred only at 
the tip of the tongue for /l/. The EPG pattern shows full contact for /n/, for comparison. The 
tongue-palate contact in /l/ may indicate that the side(s) of the tongue (blade) curl down (i.e., 
lateralize) in /l/s, suggesting a convex configuration would be evident if viewed in the 
coronal plane.  
 
According to Stone and Lundberg’s (1996) 3D ultrasound study, the vowel /æ/ requires the 
opposite para-sagittal configuration as /l/; that is, /æ/ usually has a medial groove tongue 
shape, such that the sides of the tongue are curved up (instead of curved down as in /l/s) to 
form a spoon-shaped, concave configuration in the coronal plane, a shape which conflicts 
with lateral channel formation. In contrast, a high front vowel such as /ɪ/ does not conflict to 
the same degree with the tongue shape required for /l/. The tongue tip and tongue middle are 
raised for /ɪ/ production, with the tongue showing a convexity in tongue blade in the coronal 
plane and a concavity at the tongue back. By varying /l/ in the context of these two vowels, 
we examine how local variation in tongue shape impacts the temporal dynamics of lateral 
channel formation.  
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In addition to the vowel effect on /l/, the consonant is sensitive to the effect of syllable 
position. The positional allophones of English /l/, traditionally described as ‘clear’ or ‘light’ 
/l/ in onsets and ‘dark’ /l/ in codas, have also been understood as different realizations of a 
common gradient variation in the temporal organization of the component gestures. For 
example, Sproat and Fujimura (1993) analysed English /l/ in both the syllable-onset and the 
syllable-coda position, preceding and following various phonological boundaries in the /i/ 
context, which have a similar but more raised tongue tip and middle as /ɪ/. They demonstrated 
that both onset and coda /l/s in American English contain a tongue tip raising gesture and a 
tongue dorsum retraction gesture. The difference between the two positional variants is in 
their relative timing or coordination. For onset /l/, the tongue tip gesture and the tongue 
dorsum gesture tend to be approximately synchronous, whereas in coda /l/ the retraction and 
lowering of the tongue dorsum tends to precede the raising of the tongue tip. Browman and 
Goldstein (1995) also found that TT raising is weaker in coda /l/s than in onset /l/s, which 
may be related to a more general pattern of syllabically-conditioned timing effects (Krakow, 
1999). 
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The variation that vowel contexts and syllable positions induce on the timing of mid-sagittal 
movements for /l/ are used in the present study to investigate articulatory control of para-
sagittal dynamics in Australian English (AusE), using three-dimensional (3D) 
electromagnetic articulography (EMA). AusE was chosen to study for two reasons: 1) almost 
all of the prior research on English /l/s was focused on American English (AmE); 2) the two 
target vowels are differently realized in AusE than in AmE. This study examines /l/ in the 
context of the vowel /ɪ/, a short vowel phoneme that occurs in Wells’s (1982) KIT set; and 
the vowel /æ/, a low front vowel phoneme that occurs in TRAP set. Table 3.2 summarises 
formant frequency of /ɪ/ and /æ/ for AusE and AmE female speakers from both older datasets 
and more recent datasets (Cox, 2006, 2007; Peterson and Barney, 1952; Hillenbrand, Getty, 
Clark, & Wheeler, 1995). /æ/ in AusE is lower and more retracted when compared to /æ/ in 
AmE, while /ɪ/ in AusE is slightly higher than /ɪ/ in AmE. Thus AusE provides a larger 
distinction in both height and frontness between these two vowels than AmE does. In 
addition to these observations, the AusE syllable-final /l/ is more like the vowel /u/, and the 
tongue tip height would be lower than in an AmE /l/ (Borowsky & Horvath, 1997). As a 
result, however, AusE syllable-final /l/ may be more likely to be partially vocalized than 
American English syllable-final /l/. For this reason, we only selected speakers who do not 
noticeably vocalize their final /l/s. Thus, this study can be considered a companion to, and 
expansion of, previous studies on /l/ in AmE. 
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Table 3.2: Summary of formant frequency for AusE and AmE female speakers from old 
datasets and recent datasets. The AusE data reported below are from Cox (2006, 2007), and 
the AmE data are from Peterson and Barney (1952) and Hillenbrand, Getty, Clark, and 
Wheeler (1995). In the data column, C 2006 refers to Cox’s (2006) study, C 2007 refers to 
Cox’s (2007) study, PB refers to Peterson and Barney’s (1952) study and HGCW refers to 
Hillenbrand, Getty, Clark, and Wheeler’s (1995) study. 
 
Vowel Data AusE Data 
American 
English 
F1 F2 F1 F2 
æ C 2006 850 2000 PB 1952  700 2300 
C 2007 1050 1900 HGCW 1995  900 2100 
  
ɪ C 2006 400 2500 PB 1952  450 2400 
C 2007 450 2500  HGCW 1995 500 2300 
 
In the present study, sensors were located at key points on the midline and sides of the tongue 
to track lateralisation. To investigate the dynamics of lateralisation during the production of 
/l/, both mid-sagittal and para-sagittal articulographic measures were used. The mid-sagittal 
analysis was designed to investigate the effects of syllable position and vowel context on 
coordination of mid-sagittal gesture movements, while we created a novel para-sagittal 
analysis that was designed to index the stability of lateral channel formation across vowel and 
syllable manipulations.  
 
3.1.3 Hypotheses and predictions 
Lack of data on the para-sagittal dynamics of /l/ represents an empirical gap. Such data could 
potentially adjudicate between slightly different theoretical interpretations of the available 
mid-sagittal data. Since /l/ involves multiple observable gestures, the natural theoretical 
question is how the gestures are related. Sproat and Fujimura (1993) assume that /l/s are 
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produced with a narrowed tongue blade and that tongue dorsum retraction is a measureable 
consequence of this articulatory goal (p. 304). Since the tongue’s volume is incompressible, 
narrowing at the blade displaces some of the tongue’s volume towards the pharyngeal wall. If 
this hypothesis is correct, we would expect the formation of the lateral channel to be time-
locked to the displacement of the tongue dorsum. Browman and Goldstein (1989, 1992, 
1995) discuss a slightly different theoretical hypothesis. Due to tongue incompressibility, it 
could be that the formation of the lateral channel(s) is a purely secondary consequence of 
lengthening of the tongue. Browman and Goldstein (1995) proposed that the narrowed tongue 
blade is caused by tongue tip raising and tongue back retraction under the framework of 
Articulatory Phonology. In this view, tongue blade narrowing is not under direct control of 
any gesture but rather results from coordination of tongue tip and back gestures in the mid-
sagittal plane. Moreover, lateral channel formation should be closely related to those mid-
sagittal gestures. 
 
Our design incorporates factors known to influence the timing of the mid-sagittal gestures for 
/l/ (vowel quality, syllable position). If the formation of the lateral channel is derivative of 
coordination in the mid-sagittal plane, then we should see these factors also influence the 
timing of the lateral channel. Accordingly, our first set of hypotheses addresses how these 
manipulations influence mid-sagittal gesture coordination. The second and third sets of 
hypotheses regard how these same manipulations respectively influence lateral channel 
formation and the relation between mid-sagittal gestures and lateral channel formation.  
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Extrapolating from these observations, three hypotheses (H1, H2 and H3) were formulated 
for the present study. H1 and H2 address mid-sagittal articulation, while H3 addresses 
mechanisms of lateralisation for /l/ with two alternative possibilities. 
 
Hypotheses for mid-sagittal gestures: As observed in other varieties of English (Sproat & 
Fujimura, 1993; Browman & Goldstein, 1995; Campbell & Gick, 2003; Gick et al., 2006), 
syllable position will affect relative timing of coronal and dorsal gestures (H1). For onset /l/s, 
coronal (tongue tip: TT) and dorsal (tongue middle/tongue dorsum: TM/TD) gesture 
coordination should be nearly synchronous, whereas for coda /l/s, dorsal gesture movement 
should occur prior to coronal gesture movement (see Figure 3.1). We refer to the timing of 
the coronal gesture relative to the dorsal gesture as “lag”. In the mid-sagittal activity, there 
should be a near-zero lag value or a negative lag value in onset /l/s, and a positive lag value 
in coda /l/s. A near-zero lag value would indicate that coronal and dorsal gesture movements 
occur simultaneously, a negative lag value would indicate that coronal gesture movement 
occurs prior to dorsal gesture movement, and a positive lag value would indicate that dorsal 
gesture movement occurs prior to coronal gesture movement. 
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Figure 3.1: Syllable position will affect relative timing of coronal and dorsal gestures (H1). 
In syllable onset position, we hypothesize that the TT and TM/TD gestures are almost 
synchronized, or the TT slightly precedes TM/TD. In syllable coda position, the TM/TD 
gesture is expected to precede the TT gesture. 
 
Vowel height will affect the mid-sagittal posture of the /l/ (H2). Pre-lateral vowels /æ-ɪ/ place 
different constraints on the position and shape of the tongue (Stone & Lundberg, 1996). The 
tongue tip needs to rise further from /æ/ to /l/ than from /ɪ/ to /l/. Greater gestural magnitude 
(distance to target) has been known for some time to condition increased peak velocity in the 
movement towards a target (Munhall, Ostry, & Parush, 1985). More recently, it has been 
shown that distance to target can influence relative timing of the gesture as well (Shaw & 
Chen, 2019); when a gesture has further to travel, the gesture starts earlier in time (Shaw & 
Chen, 2019). We therefore hypothesize that the tongue tip gesture will start earlier relative to 
the dorsal gesture when following /æ/ than when following /ɪ/ (see Figure 3.2). All else being 
equal, an earlier start for the tongue tip gesture could condition a larger lag between the 
tongue tip and tongue dorsal gestures. The degree to which the hypothesized effect of vowel 
context on gesture lag influences lateralisation will depend on whether lateralisation is 
actively controlled as an independent gesture or if it is a passive consequence of tongue 
elongation. 
53 
 
 
 
 
Figure 3.2: Vowel height effect on mid-sagittal posture of the /l/ (H2). In onset /l/s, we 
hypothesize that the TT gesture starts earlier in /æ/ context than in /ɪ/ context, shown by a 
longer TT bar (a longer bar in horizontal dimension indicates the length of temporal 
activation of the gesture). The TM/TD gestures show greater lowering/retraction in /æ/ 
context than in /ɪ/ context, shown by a wider TM/TD bar (the width of the bar in vertical 
dimension symbolizes the gestural magnitude). 
 
Hypothesis for para-sagittal gesture: Lateralisation is an actively controlled movement (H3). 
Figure 3.3 illustrates the concept of actively controlled versus passively controlled 
lateralisation in onset and coda /l/s. The coloured bars represent active gestures and the white 
bars represent passive movements (consequences of other active gestures). Length of the bar 
in horizontal dimension indicates the length of temporal activation, and width of the bar in 
vertical dimension indicates the gestural magnitude (i.e., a narrower bar means a less 
constricted gesture). Figure 3.5a illustrates active lateralisation, in which the para-sagittal 
tongue (PT) gesture, TT and TM/TD gestures act as independent gestures in two different 
syllable positions (onset vs. coda) and for two different vowel contexts (/æ/ vs. /ɪ/). TT and 
TM/TD gestures show different coordination patterns in syllable-onset and -coda /l/s. Also, 
vowel contexts affect the timing of coordination. /l/s adjacent to /æ/ would have a less raised 
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TT gesture compared to /l/s adjacent to /ɪ/. Similarly, /l/s adjacent to /ɪ/ would have a less 
retracted TM/TD gesture compared to /l/s adjacent to /æ/. Figure 3.3a predicts that: 1) the 
para-sagittal lateralisation lag will be consistent across vowel contexts and syllable positions, 
and 2) the midsagittal lag will vary as a function of preceding vowel contexts. Sproat and 
Fujimura (1993) posit that PT and TT are active gestures, i.e., lateralisation is actively 
formed. In contrast, Browman and Goldstein (1995) posit that TT and TD are the active 
gestures and lateralisation is passive (Figure 3b). In their view, PT movements arise as the 
outcome of the coordination of actively controlled TT and TM/TD gestures, and TT and 
TM/TD gestures show the same coordination pattern in syllable-onset and -coda /l/s. Vowel 
contexts would not affect the timing of the coordination pattern mid-sagittally in this case. 
Para-sagittally, however, the passive PT gesture would be affected by vowel contexts. /l/s 
adjacent to /ɪ/ would be less lateralised compared to those adjacent to /æ/. Onset /l/s would be 
less lateralised than coda /l/s. Figure 3.3b predicts that 1) the para-sagittal lag will vary across 
vowel contexts and syllable positions, but 2) the mid-sagittal lag will remain constant. 
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Figure 3.3: Conceptual plots of gestural scores of active (a) and passive (b) lateralisation for 
onset and coda /l/s (H3). The bars in colour represent the intervals of activity under task-
directed control during /l/ production. The white bars represent interval activity not under 
task-direct control during /l/ production. Length of the bar in the horizontal dimension 
indicates the length of temporal activation, and width of the bar in the vertical dimension 
indicates the gestural magnitude. Figure 3.3a shows that the TT, TM/TD and PT (para-
sagittal tongue) gestures are all actively controlled in onset and coda /l/s in the two different 
vowel contexts. Figure 3.3a indicates the PT gesture is an actively controlled gesture. Figure 
3.3b shows the PT gesture as a passively controlled gesture arising from the TT and TM/TD 
gestures. 
 
To examine these possibilities, a new metric that we call para-sagittal lateralisation lag was 
developed for the present study to measure active lateralisation. The para-sagittal 
lateralisation lag directly measures lateralisation along with the mid-sagittal lag. The 
following predictions are made: 
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(1) If the PT gesture is an actively controlled gesture, the para-sagittal lateralisation 
lag will be consistent across vowel contexts and syllable positions, and only the 
mid-sagittal lag will vary as a function of preceding vowel contexts. The actively 
controlled PT gesture indicates that the formation of the lateral channel is the goal 
of the mid-sagittal gesture targets. The production goal should remain constant 
across syllable positions and vowel contexts. The consequences of the goals 
should vary in different conditions, and work together to achieve the production 
goal. 
 
(2) If the PT gesture is a passively controlled gesture arising from lingual elongation 
by the active TT and TM/TD gestures, then the para-sagittal lag will vary across 
vowel contexts while the mid-sagittal lag will remain constant across vowel 
contexts. Passive control indicates that the formation of the lateral channel is the 
consequence of the mid-sagittal gesture targets that are the active goals of /l/ 
production. As mentioned in 5b, the goal should remain consistent, and the 
consequences of achieving it should vary with context. That is, syllable position 
and vowel contexts would have no effect on the mid-sagittal lag. Para-sagittally, 
local variation in tongue shape caused by vowel variation and syllable position 
would affect the lateralisation lag. We expect that /l/s adjacent to /æ/ would have 
greater lag than /l/s adjacent to /ɪ/. In terms of syllable position effect, we would 
expect that coda /l/s have greater lag than onset /l/s. 
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3.2. Methods 
3.2.1 Participants 
Six monolingual AusE speakers (three females and three males), mean age 22.2 years (range 
= 19-35 years) participated. All were monolingual speakers of AusE. None of the participants 
were characterized as having atypical speech for an AusE speaker, and none had pervasive 
syllable-final lateral vocalisation. All participants were living in Sydney at the time of data 
collection. They were paid for their participation and were naïve to the purpose of the 
experiment. Written consent was obtained from all participants and the study was conducted 
with ethical approval from the ethics committee of Western Sydney University.  
 
3.2.2 Experimental material 
/l/s were elicited word-medially in disyllabic words of the form /ˈCVb.lәt/ and /ˈ(C)Vl.bәt/, 
allowing comparison of both syllable-onset and syllable-coda /l/s. Target words were read 
aloud in the carrier phrase “keep __ here”, with adjacent /p/ and /h/ chosen to minimize 
lingual coarticulation effects. /b/ is used in both target forms for this purpose as well. In both 
syllable-onset and syllable-coda positions, /l/s were preceded by a stressed front vowel, either 
/æ/ or /ɪ/. The stimuli were presented in 10-word blocks (Table 3.3), with ten repetitions for 
each target word, randomized across blocks for each participant. Each recording session took 
approximately 25 minutes for a participant to complete.  
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Table 3.3: Target words used to elicit Australian English /l/s. As AusE is a non-rhotic accent, 
final unstressed -bert is pronounced as [bәt]. 
Tongue shape 
for preceding 
vowel 
Concave Convex 
Vowel æ ɪ 
Representations Orthography IPA Orthography IPA 
CVC.lVC ʹtablet 
ʹcablet 
[ˈtæb.lәt] 
[ˈkæb.lәt] 
 
ʹtiblet 
ʹkiblet 
[ˈtɪb.lәt] 
[ˈkɪb.lәt] 
 
(C)Vl.CVC ʹtalbot 
ʹcalbert 
ʹalbert 
[ˈtæl.bәt] 
[ˈkæl.bәt] 
[ˈæl.bәt] 
 
ʹtilbert 
ʹkilbert 
ʹilbert 
[ˈtɪl.bәt] 
[ˈkɪl.bәt] 
[ˈɪl.bәt] 
 
3.2.3 Procedure 
Experiments were conducted at the MARCS Institute Speech Production Laboratory at 
Western Sydney University. Articulographic data were acquired at a rate of 100 Hz using an 
NDI Wave electromagnetic articulography (EMA) system (Northern Digital Inc., Canada). 
Synchronized companion speech audio was recorded at a 22,050 Hz sampling rate using a 
Schoeps Colette Series Supercardioid microphone and EURORACK UB802 preamplifier. 
Tongue, lip and jaw movements were tracked using three EMA sensors affixed mid-
sagittally, to the tongue tip (TT; ~5 mm behind the apex), tongue middle (TM; ~20 mm 
behind the TT sensor) and tongue dorsum (TD; between 20 and 35 mm behind the TM 
sensor), and another two sensors affixed para-sagitally to the sides of the tongue blade (on the 
top surface ~5 mm from the edges of the tongue and ~15 mm from both the TT sensor and 
the TM sensor). The TD sensor was located 45 to 60 mm posterior to the TT sensor, 
depending on each speaker’s comfort level. Figure 3.4 provides a schematic of the tongue 
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sensor placement: we developed this ‘Southern Cross’ configuration to allow measurement of 
para-sagittal dynamics.  
 
Sensors were also attached to the lower jaw on the gum line between the two central incisors; 
to the upper lip and lower lips along the vermillion border in the mid-sagittal plane; to the left 
mastoid (LM) and right mastoid (RM); and to the nasion (NA). The LM, RM and NA sensors 
were used for correction of head motion for post-collection data processing. Three sensors 
are required to account for the translation and rotation of the head using x, y, and z 
coordinates. The occlusal (bite) plane (Figure 3.4) was determined by having speakers clench 
a semi-circular protractor between their upper and lower teeth. Two sensors were attached to 
the corners of the protractor and the third sensor was attached to the centre of the circular 
portion of the protractor to define a rigid occlusal plane.  
 
 
 
 
Figure 3.4: Tongue sensor positions (“Southern Cross” configuration) for articulographic 
investigation of /l/ production in Australian English. Left panel: view of tongue from above; 
Right panel: front view of a participant with the protractor used to locate the occlusal plane 
held in the mouth; the three sensors taped to the protractor are visible (adapted from Derrick, 
2017). 
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Participants were familiarized with the target words before recording. Elicitation sentences 
were presented on a computer monitor placed approximately 120 cm in front of the 
participant, and participants were instructed to read the sentences at a comfortable speaking 
rate. The recording session fell under twenty-five minutes. 
 
3.2.4 Data processing and measurements 
Articulographic data were corrected for head movement in post-processing and rotated into a 
common coordinate system: x = anterior-posterior; y = left-right; z = up-down. Sensor 
displacement was expressed with respect to an origin located on the occlusal plane, along the 
midline and immediately behind the upper incisors. Kinematic data from lingual sensors were 
filtered and smoothed using a robust DCT-based penalized least squares algorithm (Garcia, 
2010). Smoothing splines (gss R package; Gu 2002) were applied to time-varying 
measurements derived from the kinematic data to observe general trends across tokens. 
 
EMA data were first visualized using MVIEW, a MATLAB-based program developed by 
Mark Tiede at Haskins Laboratories (Tiede, 2005). MVIEW displays the positional signal of 
the sensors, time-aligned with the acoustic speech signal. Visualization of the data revealed 
that /l/ production primarily involved horizontal (x) motion of the TD sensor, and vertical (z) 
motion of the TM, TT and two para-sagittal tongue sensors.  
 
A set of temporal landmarks was identified in the acoustic signal to define a window in 
which the articulatory data could be measured. Landmarks were identified by visual 
inspection of acoustic waveforms and spectra in PRAAT (Boersma & Weenink, 2015), and 
articulatory analysis was conducted in Mview. The local maximum in TTz typically occurred 
within the /b/ closure in /ˈ(C)Vl.bәt/ (coda /l/) words. In /ˈCVb.lәt/ (onset /l/) words, the local 
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maximum in TTz was aligned well with its corresponding acoustic signal. Based on these 
observations, Vl.b segment sequences for coda /l/ words and Vb.l segment sequences for 
onset /l/ words were demarcated for analysis using PRAAT. For both, the onset boundary of 
the target segment sequences was set at the onset of the stressed vowel, and the offset 
boundary was set at the beginning of the second, unstressed vowel. This segmentation 
protocol ensured that the TT gesture extremum (highest position, or peak) associated with /l/ 
production would occur within the segmentation boundaries for both coda and onset /l/ 
tokens. Figure 3.5 shows two examples of acoustic landmarks in vowel-lateral sequences 
produced by female speaker F03. 
 
Three analyses of the data were conducted, one based on mid-sagittal measures and the others 
on two para-sagittal measures. The mid-sagittal measures used Sproat and Fujimura’s (1993) 
analytic approach, extending their investigation to two different vowel contexts and a new 
English dialect. The two para-sagittal measures were newly created for this study. They were 
designed to investigate tongue curvature in the coronal plane and tongue lateralisation, and to 
explore the time course of lateral side-branch formation along the sides of the tongue blade.  
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Figure 3.5: Identification of analysis window. Acoustic waveform and spectrum of [æl.b] 
(top) and [æb.l] (bottom) produced by female speaker F03. Vertical red lines indicate limits 
of analysis window. Left landmark: acoustic onset of stressed pre-lateral vowel; Right 
landmark: acoustic onset of unstressed post-lateral vowel. 
 
3.2.4.1 Mid-sagittal articulatory measures 
To examine the articulatory characteristics of onset and coda /l/s for comparison with the 
findings from previous studies, the temporal difference between the onset of TT raising and 
the onset of TM lowering/TD retraction was measured. Earlier studies had observed TT 
raising in both onset and coda /l/s (Giles & Moll, 1975; Sproat & Fujimura, 1993; Browman 
& Goldstein, 1995), along with TM lowering/TD retraction. Differences between these lateral 
positional variants were found in the temporal coordination of TT raising and TM 
lowering/TD retraction, which was nearly synchronous for English onset /l/s. For coda /l/s, 
TT raising is delayed relative to the TM/TD gesture. Additionally, previous studies observed 
that TT reaches its extremum earlier in onset /l/s (relative to TM/TD) than in coda /l/s (Sproat 
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& Fujimura, 1993). The temporal difference between TT and TM, and between TT and TD 
are reliable measures. Sproat and Fujimura (1993) find that TM lowering involves a clear and 
sharp movement towards the extremum; it is easier to measure and produces more reliable 
results than TD retraction. These findings are illustrated schematically in Figure 3.6. 
 
  
  
Figure 3.6: Schematic illustration of gestural timing differences between onset and coda /l/s. 
Negative TT lag (left side of figure) implies that TM/TD retraction occurs after TT raising in 
time. Positive TT lag (right side of figure) implies that TT raising occurs after TM/TD 
retraction in time. 
 
Mid-sagittal articulation was tracked using TT, TM, and TD sensors. /l/ production in each 
token was analysed in terms of (i) TT advancing and raising, (ii) TM lowering, and (iii) TD 
retraction, verified by visual inspection of the sensor trajectories in the analysis window. 
 
Local extrema for each sensor were identified in sensor trajectories, and times recorded at 
which displacement towards a target was maximal for each mid-sagittal fleshpoint, by 
locating velocity minima in each signal3 over the interval of analysis defined in Section 
                                                 
3Two variants of the lag analysis were tested, one based on findgest (a gestural identification algorithm in 
MVIEW) and one based on visual inspection of the tangential velocity signal in the segmentally relevant range. 
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3.2.4. The velocity signals were computed using the following steps. First, the first-order 
differential was used to calculate the velocity signal in the x and z dimensions. Second, the 
Euclidian distances of the velocity signals in the x and z dimensions were used to calculate 
the tangential velocity signals. Third, a zero-phase 5-sample Boxcar filter was applied to 
remove any distortion in the tangential velocity signals, using the filtfilt function in 
MATLAB.  
 
The TT extremum (in fronting/raising) was derived from the velocity profiles of the x and z 
dimensions (i.e., corresponding to the anterior-posterior and the superior-inferior dimensions 
of the TT sensor, respectively). The TM extremum (in lowering) was derived from the 
velocity of movement in the z dimension, and the TD extremum (retraction) was derived 
from the velocity of movement in the x dimension. 
 
Next, an interface script was developed in MATLAB to plot time-aligned TT/TM/TD 
trajectories (see Figure 3.7) from the EMA data within the analysis time-window defined by 
the acoustic landmarks identified in Sec. 3.2.4. Fleshpoint velocities were calculated along 
the dimensions in which /l/ gestural articulation was most salient: TT velocity as a tangential 
velocity in the horizontal and vertical dimensions (vTTxz) to index raising and fronting, TM 
velocity in the vertical dimension (vTMz) to index lowering, and TD velocity in the 
horizontal dimension (vTDx) to index retraction. Local minima corresponding to gestural 
targets (extrema) were automatically located in each velocity signal and logged. Figure 3.9 
illustrates this fleshpoint velocity mid-sagittal gestural analysis procedure for a coda /l/ 
                                                                                                                                                        
The TT-TM/TD lag analysis based on findgest identified and delimited the /l/ gestural movements semi-
automatically by locating critical thresholds in sensor velocity associated with constriction formation and 
release. The two variants of the analysis yielded similar results, but the effects from the analysis based on 
findgest are diminished due to missing data.  
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produced in an [æ] context; solid red vertical lines indicate velocity minima in each mid-
sagittal sensor trajectory.  
 
 
 
Figure 3.7: Mid-sagittal articulatory analysis. The velocity minima of [ˈkæl.b] produced by 
speaker F03. Location of velocity minima (vertical red lines) in TT trajectory (top row), TM 
trajectory (middle row), and TD trajectory (bottom row) of /l/, respectively. The interval 
between minima of TT and TM is labelled as TT-TM lag, and the interval between minima of 
TT and TD is labelled as TT-TD lag. 
 
Lags were measured between the time points associated with the TT extremum and the TM 
extremum (1) of /l/, and between the time points associated with the TT extremum and the 
TD extremum (2) of /l/:  
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TM lag (s) = TT extremum (s) – TM extremum (s) (1) 
TD lag (s) = TT extremum (s) – TD extremum (s)    (2) 
 
These two lag measures were calculated as closely as possible to the method used in Sproat 
and Fujimura (1993). 
 
3.2.4.2 Para-sagittal articulatory measures – tongue curvature and tongue lateralisation 
Partly due to previous limitations in sensing technology, and partly because of a prior focus 
on characterization of midsagittal articulation, there has been comparatively little direct prior 
research on para-sagittal dynamics. Therefore, we developed novel analyses designed to 
investigate parasagittal dynamics in order to directly inform our understanding of lateral 
channel formation, and at the same time to allow us to assess how variations in the mid-
sagittal plane influence the timing of lateral channel formation. In order to estimate both 
curvature and lateralisation of the tongue blade in the coronal plane, a mid-sagittal tongue 
blade sensor is required. One methodological innovation in this study was that the tongue 
blade sensor was mathematically estimated in the mid-sagittal plane from relationships 
among the parasagittal and mid-sagittal sensor data, instead of using the TT sensor data 
directly4. The issue with using the TT sensor data alone is that, due to its placement, the TT 
sensor is typically higher than the para-sagittal sensors, particularly as the anterior portion of 
the tongue rises to form a constriction for /l/. Also, the TT sensor and the para-sagittal 
sensors are not situated in the same sagittal or coronal planes. Estimating a mid-sagittal 
tongue blade sensor from the para- and mid-sagittal sensors solves these two issues. 
 
                                                 
4The difference in height based on the TT sensor was also calculated. The analysis based on the TT sensor 
yielded the same results. 
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The following steps were used to estimate the mid-sagittal tongue blade sensor. First, a 
second-order polynomial was fitted to the x (horizontal anterior-posterior) and z (vertical) 
dimensions of the three mid-sagittal sensors (TT, TM, TD), thus estimating the mid-sagittal 
curve of the tongue (concave, flat, or convex). The average of the positions of the para-
sagittal tongue sensors (TR and TL) in the x dimension was then used to locate an 
intersection point along this mid-sagittal polynomial. The x, y (side-to-side), and z dimension 
values of this intersection point served as the estimated midline location and height of the 
tongue blade sensor (virtual TB). This virtual sensor represents the intersection of the fitted 
mid-sagittal (TT-TM-TD) curve in the sagittal plane and the coronal plane at a location 
between the two para-sagittal sensors (TR-TL). This estimated tongue blade (TB) sensor’s 
location was calculated relative to the horizontal and vertical position of the dominant side 
para-sagittal sensor as defined below. This estimated tongue blade sensor location was 
calculated relative to the horizontal x, y position of a para-sagittal sensor, to ensure that all 
the relevant measurements used in the index were located in the same coronal plane. Only 
one para-sagittal sensor was used for this measure, the lower para-sagittal side, which is 
defined as the dominant side of tongue lateralisation for both by-speaker average dominance 
analysis and by-token analysis. In this analysis, the dominant side of tongue is identified as 
the side of the tongue (left or right) that lowers more than the other. This is where the side 
branch that is most characteristic of lateral anti-formants is formed. 
 
We observed in our data that the formation of the lateral channel primarily occurred at either 
left or right side of the tongue blade. This is to say that only one main lateral channel was 
formed during /l/ production in our data. There may be a smaller side channel admitting 
airflow on the non-dominant side, or there may be other speakers or tokens in which the 
lateral airflow is equally bifurcated. However, these possibilities are not within the scope of 
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this study. The main aim of the study is to demonstrate that the lateral channels are 
asymmetric. Temporal alignment of the mid-sagittal and parasagittal trajectories is illustrated 
in Figure 3.8, for the words tablet and talbot; differences in TT height and TD retraction are 
compared across syllable positions. In both syllable positions, the para-sagittal left and right 
(TL and TR) sides of the tongue blade are raised in concert with TT during /l/ production, 
with at least one side of the tongue blade (either TL or TR) slightly higher or lower than TT, 
(for speaker F03 shown in Figure 3.8). In tablet, TL is about 1.35 mm lower than TT at 350 
ms. In talbot, TT is about 1.5 mm higher than TL. TD retraction and TM lowering can be 
observed in both tokens. The maximum TD retraction is about -42.6 mm at 170 ms and the 
maximum TM lowering is about 0.7 mm at 310 ms in tablet. This negative coordinate is 
relatively to the occlusal plane, i.e., distance behind the occlusal plane origin. In talbot, the 
maximum retraction is about -41.8 mm at 160 ms and the maximum TM lowering is about -
3.3 mm at 240 ms. Then, TT, TL and TR rise gradually for the /l/ and lower slightly for the 
following /ә/. Thus, in syllable-coda position (talbot), TT is lower, TM is lower and TD is 
slightly less retracted than in syllable-onset position (tablet), in which TT is raised, TM is 
lowered and TD is slightly more retracted. 
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                             [ˈt                æ      b.             l     ə            t ]         
 
                                [ˈt                  æ       l.          b    ə            t   ] 
 
 
Figure 3.8: /l/ articulation in onset (top panel) and coda (bottom panel) positions. Top-to-
bottom: acoustic waveform; tongue dorsum movement in the anterior-posterior dimension 
(TDx); tongue middle movement in vertical dimension (TMz) para-sagittal tongue left (TLz), 
para-sagittal tongue right (TRz), and tongue tip (TTz) movements in the vertical dimension. 
Example utterances tablet and talbot produced by female speaker F03. x-axes: time (ms); y-
axes: displacement (mm). 
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In order to measure tongue curvature (i.e., side-to-side curve at the tongue blade in the 
coronal plane), a quadratic term of a second-order polynomial fit to the parasagittal sensors 
and the estimated mid-sagittal tongue blade sensor was logged. Then smoothing spline 
analysis of variance (SSANOVA) was applied to the temporal trajectories of the quadratic 
term (used as an indication of tongue curvature in the coronal plane) and the ∆Height (used 
as an indication of tongue lateralisation in the coronal plane). Spline smoothing is a technique 
used to connect discrete data points and find the best fit of a curved line to the data when the 
data are noisy (Davidson, 2006), and has been extensively employed in speech production 
research. In this analysis, the general smoothing splines (gss) package in R (Gu, 2002) was 
used. This measure tracks the time course of tongue curvature over time. Figure 3.9 shows 
change in tongue curvature in the coronal plane for /l/ tokens produced in two different vowel 
contexts. The y-axis shows the magnitude of tongue curvature. A value of zero indicates a 
flat tongue shape in the coronal plane, a negative value indicates a concave shape and a 
positive value indicates a convex shape. The x-axis shows time (ms). The time window 
covers an interval of 800 ms, beginning at the onset of V1, which encapsulates the entire V-
/l/ interval in every case. We observed that the average duration of each token is about 400 
ms, and the peak of /l/ usually occurs at about 200 ms. Overall, the magnitude of the coronal 
plane tongue curvature decreases as time unfolds. Tongue curvature in /l/ adjacent to /ɪ/ 
decreases more sharply in comparison to curvature in /l/ adjacent to /æ/. 
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Figure 3.9: Tongue curvature (in the coronal plane) of /l/ tokens produced in two different 
vowel contexts. The y-axis shows the magnitude of coronal-plane tongue curvature; the x-axis 
shows a time window of 800 ms from the onset of V1. 
 
A second innovation of this study was our approach to tracking the time course of 
lateralisation. To measure tongue lateralisation in the coronal plane, an index of lateralisation, 
which we refer to as ∆Height, was computed. This measure captures the degree to which each 
side of the tongue was higher or lower than the mid-sagittal estimated sensor at any given 
point in time. The time course of lateralisation during /l/ production was indexed as the 
temporal relationship between the mid-sagittal and para-sagittal sensor positions. The 
following formula was used to calculate the difference between the estimated tongue blade 
sensor and the para-sagittal sensor in the vertical dimension (3): 
 
 ΔHeight = Estimated mid-sagittal tongue blade sensor - TLz/TRz (3)    
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Smoothing spline analysis of variance (SSANOVA) was then applied to the temporal 
trajectories of the tongue lateralisation represented by ΔHeight. Figure 3.10 shows the 
dominant side of tongue lateralisation in the coronal plane for /l/ tokens produced in two 
different vowel contexts. The y-axis shows the magnitude of tongue lateralisation. In this 
measure, a value of zero indicates a flat tongue along the coronal plane between the para-
sagittal sensor and the estimated mid-sagittal tongue blade sensor, a positive value indicates 
that the dominant tongue side is lower than the midline of the tongue blade, and a negative 
value indicates that the dominant side of the tongue is higher than the midline of the tongue 
blade. The x-axis shows a time window of 800 ms which covers the entire V-/l/ interval. The 
peak of tongue lateralisation occurs at about 200 ms. /l/s following /æ/ achieve greater 
magnitude of tongue lateralisation compared to /l/s following /ɪ/. In addition to this, the 
lateralisation peak appears to occur slightly earlier in preceding stressed /æ/ context than in /ɪ/ 
context. The difference between the two trajectories is not significant, however, as there is 
considerable overlap between the turquoise line for /ɪ/ and the rose-coloured line for /æ/ and 
the higher initial lateralisation values for /æ/ appear to be balanced out by higher subsequent 
lateralisation values for /ɪ/. 
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Figure 3.10: Tongue lateralisation (in the coronal plane) of /l/ tokens in two different vowel 
contexts. The y-axis shows the magnitude of tongue lateralisation; the x-axis shows a time 
window of 800 ms from the onset of V1 and incorporates /l/ production in all cases. The 
figure suggests that /l/ tokens following stressed /æ/ achieve greater magnitude of tongue 
lateralisation slightly those following stressed /ɪ/. The magnitude of lateralisation also 
appears slightly greater initially in /æ/ than in /ɪ/ context, but then declines more and faster 
following /æ/ than /ɪ/.   
 
During /l/ production, the speakers in this study typically tilted (i.e. roll around the x-axis) 
one side of the tongue blade more than the other, either left or right.  Table 3.4 shows the 
summary of participants’ dominant hand, the dominant tongue lateralisation side during /l/ 
production and the number of tokens produced with left tongue blade and with right tongue 
blade.  
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Table 3.4: Summary of each participant’s dominant hand, dominant tongue lateralisation side 
and numbers of tokens produced with lowering of the left tongue blade (LTB) and of the 
right tongue blade (RTB). 
ID Sex Handed Dominant 
tongue 
lateralisation 
side 
No. of 
tokens 
produced 
with LTB 
lowering 
No. of 
tokens 
produced 
with RTB 
lowering 
F03 Female Right Right 0 99 
F04 Female Right Right 13 69 
F05 Female Right Left 55 33 
M06 Male Right Right 
(marginally) 
29 37 
M07 Male Right Left 87 2 
M08 Male Right Right 10 87 
 
In the mid-sagittal articulatory analysis, the minima of the velocity signal corresponded to the 
maxima of the positional signal (Figure 3.11) and the positional extrema of TM and TD were 
interpreted as the onset of /l/. In the para-sagittal articulatory analysis below, the same 
extrema of TM and TD were instead interpreted as the onset of tongue lateralisation during /l/ 
production. The point of most extreme tongue lateralisation was determined by the extremum 
of ∆Height. All para-sagittal analyses were conducted in two different ways, one using by-
speaker values and one using by-token values. We found no differences in these two sets of 
analyses, so here we report only the by-token analysis. 
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Figure 3.11: Comparison of metrics derived from mid-sagittal and para-sagittal articulatory 
analyses. Example utterance tiblet produced by male speaker M08. Top-to-bottom: acoustic 
signal; mid-sagittal horizontal dorsal TDx (second row) and vertical medial displacement 
TMz (third row); ∆Height right (fourth row); ∆Height left (fifth row). All vertical axes: 
displacement (mm). Gestural targets (maximal displacement of relevant part of tongue) 
indicated with solid black vertical lines. Maximal TDx and TMz displacement correspond to 
retraction and lowering movements associated with the /l/ in the mid-sagittal articulatory 
analysis. The same landmarks are interpreted as the onset of tongue lateralisation during /l/ 
production. The point of most extreme tongue lateralisation was determined by extremum of 
∆Height. 
 
3.2.4.3 Para-sagittal articulation measurement – activation duration of lateralisation  
The temporal interval during which lateral channel formation is under active control is 
another parameter crucial to understanding the articulation of /l/. In terms of Articulatory 
Phonology, this interval would correspond to the activation duration of the lateralisation 
gestural movement. To estimate this, we identified the point in time when ∆Height reached 
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its minimum (which corresponds roughly to the vowel nucleus, i.e., the point when the sides 
of the tongue are highest relative to the midline) and the point in time when ∆Height was in 
its maximum (which corresponds to the /l/, i.e., the point when the dominant side of the 
tongue blade is lowest relative to the midline). The interval between these two points was 
calculated as the period of the activation duration of tongue lateralisation, which captures the 
para-sagittal movement in the formation of the vowel and the /l/. Figure 3.12 illustrates an 
example of the activation duration of tongue lateralisation for one token of tiblet.  
 
 
 
Figure 3.12: Activation duration of tongue lateralisation. Example utterance tiblet produced 
by female speaker F05. Temporal origin located at syllable-onset consonant release, min 
point corresponds to onset of lateralisation; and max point corresponds to maximal 
lateralisation. The red double-ended arrow indicates activation duration of tongue 
lateralisation. 
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In order to identify how lateralisation (i.e., formation of the lateral channel captured by 
ΔHeight) relates to the dorsal gesture in the mid-sagittal plane, we extracted the gestural 
maximum of TM/TD of the preceding vowel and the maximum of ∆Height. For TM/TD, the 
maximum is the time point associated with the minimum velocity in the TM lowering gesture 
(z-dimension) and TD retraction gesture (x-dimension), respectively. For ∆Height, the 
maximum is the time point associated with the greatest value in the lateralisation index 
(maximum point of achievement of /l/). The temporal lag between achievements of mid- and 
para-sagittal targets was calculated using (4): 
 
Para-sagittal lateralisation lag =  Time to Max TM/TD – Time to Max ΔHeight (4) 
 
A negative value indicates that the maximum mid-sagittal gestural target (i.e. TM 
lowering/TD retraction) occurs first, while a positive value indicates that the maximum para-
sagittal gestural target occurs first. The para-sagittal lateralisation lag offers an important 
advantage over a single time-point measure of para-sagittal lateralisation: the lag identifies 
both the order and time-course of para-sagittal lateralisation, whereas a single time point of 
peak lateralisation does not capture any information before or after the peak of lateralisation. 
 
3.3 Results 
3.3.1 Mid-sagittal articulation 
Lag values between TT and TM (TT-TM lag) for /l/s produced in syllable-onset and -coda 
positions, and in /æ/ and /ɪ/ contexts, are compared in Figure 3.13. The (positive) lag is 
greater for the /l/s produced in /æ/ context than for the /l/s produced in /ɪ/ context. Across 
both vowels, the (positive) lag is longer for syllable-coda /l/ than for syllable-onset /l/. This 
indicates that tongue body retraction precedes tongue tip raising in syllable-coda position. In 
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syllable-onset position, TT and TM gestural movements are almost synchronous following 
/ɪ/. For onset /æ/, there is a slightly longer (positive) TT-TM lag (compared to the vowel /ɪ/) 
for both syllable positions, although the lag in onset is shorter than the lag in coda position.  
 
 
 
Figure 3.13: Intergestural timing (TT-TM lag) in onset and coda /l/s in /æ/and /ɪ/ context. 
The mean is shown as the medial black line, the dots are outliers, and the whiskers show 95% 
confidence intervals around the mean. The average TT-TM lag for the speakers in this study 
was 22 ms with a standard deviation of 64 ms.  
 
TT-TM lag was modelled as a linear function of syllable position and vowel context, using 
linear mixed effects models constructed with the lme4 package (Bates et al. 2014) in R 
(version 3.0.2). The fixed effects were vowel (/æ/ and /ɪ/) and syllable position (onset and 
coda). The models contained a random slope and intercept for the effect of vowel and 
syllable for each speaker. Table 3.5 compares the two-factor model and the full model, 
including the interaction between vowel and syllable position. The full model shows 
significant improvement (p < .05) over the simpler model (the two-factor model), therefore 
we report results of the full model below.   
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Table 3.5: Model comparison showing the effects of vowel and syllable on TT-TM lag. The 
two-factor model has both vowel and syllable as the fixed effect. The full model has an 
interaction term. 
 Model of TD lag Df AIC BIC logLik Chisq Pr(>Chis
q) 
Two-
factor 
model 
vowel + syllable + 
(1+(vowel+syllable)|s
peaker) 
10 5574.8 
 
5617.3 
 
-2777.4 
 
-- -- 
Full 
model 
vowel * syllable + 
(1+(vowel+syllable)|s
peaker) 
11 5567.4 
 
5614.1 
 
-2772.7 
 
9.4648 
 
0.002 
 
 
Table 3.6 shows a summary of the fixed effects in the full model. Both syllable position and 
vowel show significant effects. The negative estimate for vowel (-44.641) indicates that the 
TT-TM lag was shorter for /ɪ/ than for /æ/. The negative estimate for syllable position (-
70.784) indicates that the TT-TM lag was shorter for onset than for coda /l/. In addition to 
these, the model suggests that the vowel effect on the TT-TM lag is conditioned by syllable 
position.  Onset /l/s adjacent to /æ/ have shorter TT-TM lag (28.493) compared to coda /l/s 
adjacent to /ɪ/. We found that the vowel-syllable interaction is caused by speaker F03 (see 
Appendix A – Figure I). The median of the TT-TM lag is shorter for onset /l/s adjacent to /æ/ 
compared to onset /l/s adjacent to /ɪ/ for this speaker. The other five speakers show the 
opposite trend with longer TT-TM lag for onset /l/s adjacent to /æ/ compared to onset /l/s 
adjacent to /ɪ/.  These results support the effect of syllable position on lag found in past work. 
The TT-TD lag (see Appendix B – Figure II and Figure III) is similar to the TT-TM lag, so 
we only report the TT-TM lag here. 
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Table 3.6: Summary of the mixed effects model of TT-TM lag. 
 β S.E. t value Pr (>|t|) 
Intercept 67.510 
 
8.820 
 
7.655 
 
.000 
Vowel (/ɪ/) -44.641 
 
10.209 
 
-4.373 
 
.001 
Syllable position 
(onset) 
-70.784 
 
9.573 
 
-7.394 
 
.000 
Vowel /ɪ/ : syllable 
onset 
28.493 
 
9.204 
 
3.096 
 
.01 
 
3.3.2 Para-sagittal articulation − tongue curvature and tongue lateralisation 
Figure 3.14 shows the temporal dynamics of tongue curvature in the coronal plane over a 
time window of 800 ms from the onset of V1. This interval contains the entire V-/l/ 
articulation in every token. The value on the y-axis is an indication of the magnitude of 
coronal tongue curvature. A negative value indicates a concave tongue shape in the coronal 
plane, and a positive value indicates a convex tongue shape. The x-axis shows time in 
milliseconds. The results suggest a convex tongue shape in the coronal plane, i.e., the side the 
tongue is lowered relative to the midline. The values on the y-axis are very close to zero 
(from 0.00 to 0.02) which means that temporal change in the magnitude of the convex shape 
(an indication of curvature in the coronal plane) is rather subtle.  
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Figure 3.14: Temporal dynamics of tongue curvature over the entire V-/l/ interval in the 
coronal plane. The y-axis shows the magnitude of tongue curvature index. A value of zero 
indicates a flat tongue shape in the coronal plane. A negative value indicates a concave 
tongue shape, and a positive value indicates a convex tongue shape in the coronal plane. The 
x-axis shows time in milliseconds. The time window covers 800 ms from the onset of V1, 
which incorporates the entire V-/l/ interval in every case. 
 
Figure 3.15 shows the temporal dynamics of tongue lateralisation (ΔHeight) on the dominant 
side (by-token analysis) in the coronal plane over the same 800 ms interval. A higher 
lateralisation index refers to the greater magnitude of tongue lateralisation (i.e. the side of the 
tongue that lowers more). This figure confirms the coronal-plane tongue shape during the V-
/l/ interval displayed in Figure 3.16, indicating that they share the same pattern. In Figure 
3.15, the curve starts (V1) with negative values for all tokens (concave). This means that the 
midline of the tongue blade was lower than the side for both vowels. The value on the y-axis 
increases over time (moving along the x-axis). This suggests that the coronal plane of the 
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tongue started from a concave shape for the stressed vowel preceding /l/, and gradually 
changed into a convex shape for the /l/ following the stressed vowel. 
 
 
 
Figure 3.15: Temporal dynamics of tongue lateralisation over the entire V-/l/ interval in the dominant 
side in the coronal plane. The data displayed are from the by-token dominance analysis. The y-axis 
shows the magnitude of tongue lateralisation; the x-axis shows the time window of 800 ms from the 
onset of V1. The dominant side of tongue lateralisation is defined by the lower side of the tongue 
blade (i.e. greater tongue lateralisation index). A lateralisation value of zero indicates a flat tongue 
shape along the coronal plane between the dominant-side para-sagittal sensor and the estimated mid-
sagittal tongue blade sensor.  
 
At the beginning of the temporal window (left side of Figure 3.15), the onset /l/ following /æ/ 
shown by the green line differs from the other three types. The lateralisation index is higher, 
although still negative, than the other three conditions. At roughly 200 ms, all four conditions 
reach their lateralisation peak. At this point in time the difference in height (ΔHeight) 
between the mid-sagittal blade and the para-sagittal blade is the greatest. This is the time 
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point of peak lateralisation. The maximum degree of lateralisation obtained varies across 
conditions. For the vowel /æ/, maximum lateralisation (as indexed by ΔHeight) is greater in 
onset position, as shown by the green curve, than in coda position, as shown by the rose-
coloured curve. For the vowel /ɪ/, the effect of syllable position is reversed — peak 
lateralisation is higher for coda /l/s, shown by the turquoise curve, than for onset /l/s, shown 
by the purple curve. For onset /l/s adjacent to /æ/, ΔHeight drops faster following its peak. In 
contrast, a comparatively high value of ΔHeight persists after the peak value of ΔHeight for 
coda /l/s adjacent to /ɪ/. Coda /l/s adjacent to /æ/ and /ɪ/ show a similar pattern, but with lower 
magnitude of tongue lateralisation.  
 
In order to deduce changes in tongue shape over time, it is instructive to compare Figure 3.14 
and 3.15. Figure 3.14 shows curvature of the tongue blade in the coronal plane. This measure 
takes into account the position of both the left and the right para-sagittal sensors. Figure 3.15 
shows just the difference in height between the para-sagittal sensor on the speakers’ dominant 
side and the mid-sagittal virtual sensor (in the same coronal plane as the curvature measure). 
The comparison between figures is instructive because it allows us to see how the non-
dominant side of the tongue varies with the change in height of the dominant side of the 
tongue. For example, recall that the ∆Height peak occurs around 200 ms in Figure 3.15. In 
Figure 3.14, it shows that the value of tongue curvature at this point of time is near zero, 
which indicates a flat tongue in the coronal plane. By putting together the measure from 
Figure 3.14 and Figure 3.15, we can deduce that the tongue is tilted toward one side in order 
to form the lateral channel: at about 200 ms, the tongue is flat (Figure 3.14) and yet the 
dominant side of the tongue reaches the lateralisation peak (Figure 3.15). The only way to 
keep the tongue blade flat (near zero curvature in the coronal plane) while still having one 
side lower than the middle is to tilt the tongue toward one side.  
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To sum up this sub-section, we reported two dynamic measures of tongue blade change over 
time within the coronal plane over time during the formation of the lateral channels, from 
preceding vowel peak to /l/ peak. One measure was curvature, which was based on three flesh 
points in the coronal plane: connecting para-sagittal left, (virtual) mid-sagittal and para-
sagittal right. The second measure was tongue lateralisation, captured in the measure of the 
lateralisation index. We refer to this measure as the “ΔHeight” because it is the quantitative 
measurement that we have found best captures the para-sagittal dynamics associated with /l/. 
This measure is the difference in height between the mid-sagittal virtual sensor and the 
dominant para-sagittal sensor. Considering these two measures together allowed us to deduce 
key aspects of tongue shaping within the coronal plane. Tongue lateralisation (ΔHeight) 
reaches its peak at around 200 ms; at this time point, the tongue curvature is near zero, 
indicating a flat tongue blade. These results show that (1) the tongue is not curved in the 
coronal plane during the production of /l/ in AusE, and (2) the tongue is asymmetrically 
lateralized in the coronal plane during /l/ production. Therefore, the difference in height 
(ΔHeight) in the coronal plane between the mid-sagittal sensor and the dominant para-sagittal 
sensor is a better metric for characterizing /l/ production, i.e., lateral channel formation, than 
is tongue curvature. 
 
3.3.3 Para-sagittal articulation – temporal interval of lateral channel formation 
Figure 3.18 shows the activation duration of lateralisation from minimum ΔHeight to 
maximum ΔHeight. The activation duration remains relatively stable and consistent across 
syllable position and vowel context. The median activation duration for most conditions was 
around 150 ms. The long upper whisker in coda /l/ adjacent to /æ/ means that the activation 
duration of tongue lateralisation is more variable in the upper quartile of the group for this 
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context compared to the other three contexts. The activation duration is less variable in the 
lower quartile compared to the upper quartile for all syllable-position/vowel contexts. The 
inter-quartile range is less variable for onset /l/s compared to coda /l/s. On the boxplot below, 
outliers are identified by dots.  
 
To statistically assess the trends in Figure 3.16, a series of linear mixed effects models were 
fitted to the activation duration of lateralisation. As with the temporal lag measures (3.3.1), a 
two factor model was compared to an interaction model. The fixed effects were vowel (/æ/ 
and /ɪ/) and syllable position (onset and coda). Random slopes and intercepts were included 
for all speakers. There were no significant effects of syllable position or vowel context. 
 
 
 
Figure 3.16: The activation duration of tongue lateralisation. Error bars show 95% 
confidence intervals. The mean is shown as the medial black line, the dots are outliers. The 
average activation duration of lateralisation for the speakers in this study was 147 ms with a 
standard deviation of 68 ms.  
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Our final result is a measure of the temporal lag between the formation of the lateral channel 
(through lowering the dominant side of the tongue blade) and tongue dorsum 
lowering/retraction. This measure is important as it can help to resolve the relationship 
between lateral channel formation and tongue dorsum retraction.  
 
Figure 3.17 shows the results for para-sagittal lateralisation lag, which we define as the 
interval between maximum TM/TD lowering/retraction and maximum ∆Height. The medians 
of the timing differences are positive (or close to zero) across all contexts. This indicates that 
the maximum of the para-sagittal lateralisation gesture occurs prior to the maximum of the 
tongue body retraction gesture (or they occur simultaneously). This temporal sequencing of 
the gestures is opposite to what should be observed if lateral channel formation were a 
secondary outcome of tongue stretching (i.e., a result of tongue dorsum retraction), as 
Ladefoged and Maddieson (1996) and Browman and Goldstein (1995) have claimed. As for 
the effect of vowel context and syllable position, neither seems to affect the lag between the 
tongue dorsum target and maximum ∆Height. Onset /l/s adjacent to /æ/ and coda /l/s adjacent 
to /ɪ/ have longer upper and lower whiskers. This indicates that the lateralisation lag is more 
variable in these two contexts. The boxes in Figure 3.17 show very similar distribution of 
lateralisation lag for onset /l/s adjacent to /ɪ/, coda /l/s adjacent to /æ/ and /ɪ/. These boxes are 
more variable compared to onset /l/s adjacent to /æ/. Outliers are shown by dots.  
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Figure 3.17: The para-sagittal lateralisation lag of the maximum TM sensor to the maximum 
∆Height of /l/ words in onset and coda position in /ɪ/ and /æ/ context. The mean is shown as 
the medial black line, the dots are outliers, and the whiskers show 95% confidence intervals 
around the mean. The average para-sagittal lateralisation lag for the speakers in this study 
was 29 ms with a standard deviation of 158 ms. 
 
To evaluate the statistical reliability of these results, a series of linear mixed effects models 
were fitted to the para-sagittal lateralisation lag. The fixed effects were vowel (/æ/ and /ɪ/) 
and syllable position (onset and coda). By-speaker random slopes and intercepts were 
included for both fixed factors. There were no significant effects of syllable position and 
vowel context. Since the results of the para-sagittal lateralisation lag for the TM sensor and 
the TD sensor were almost identical, we have only reported the TM results. Detailed 
statistical analysis of the para-sagittal lateralisation lag for the TM sensor and the TD sensor 
are provided in Appendices C and D. 
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3.4 Discussion 
In this study, several complimentary analyses of /l/ production were conducted. Each analysis 
taken in isolation provides an incomplete picture, but, when taken together, they deepen our 
understanding of /l/ production beyond what could be deduced from past work. We argue 
here that the totality of the results suggest that the formation of the lateral channel is under 
active phonological control, rather than being a passive or secondary result of active TT and 
TM/TD gestures.  
 
Firstly, our mid-sagittal analyses revealed a relative timing difference between onset and 
coda /l/s in AusE. In onset /l/s, the TT advancing and raising movements slightly precede 
TM/TD lowering/retracting movements in the mid-sagittal plane, or are nearly synchronous 
with them. In coda /l/s, the TM/TD lowering/retracting movements instead precede TT 
advancing and raising movements. These results are consistent with past work on the 
production of /l/s in American English (Sproat & Fujimura, 1993). The current mid-sagittal 
results therefore support Hypothesis 1, which predicted that syllable position would affect 
relative timing of coronal and dorsal gestures.  
 
Secondly, the different tongue shapes of vowels were found to contribute to the mid-sagittal 
lag duration. Specifically, /l/s following /æ/ had longer lag duration than those following /ɪ/. 
Stone and Lundberg (1996) had found that the tongue midline was grooved (concave) during 
the production of /æ/ and domed (convex) for the production of /l/. Thus, the target mid-
sagittal tongue shapes required of /æ/ and /l/ are in conflict, whereas those of /ɪ/ and /l/ are 
compatible. Moreover, the tongue tip has further to travel from /æ/ to /l/ than from /ɪ/ to /l/. 
Our data show that the lag between the TT and TM/TD extrema for /æl.b/ is longer than for 
/ɪl.b/. Onset laterals /æb.l/ and /ɪb.l/ also show that same temporal pattern. This suggests that 
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the TT gesture started earlier relative to the TM/TD gesture when it had further to travel from 
its position for /æ/. This result is similar to what Shaw and Chen (2019) found for CV timing 
in Mandarin, i.e., that tongue dorsum retraction starts earlier relative to the consonant when 
the tongue is further away from its back vowel target than when it starts closer to the target in 
the antero-posterior dimension. Our current results, consistent with similar findings on the 
influence of vowel context on intergestural lags (Shaw & Chen, 2019), support Hypothesis 2, 
which predicts that vowel height will also affect the timing between mid-sagittal consonantal 
gestures.  
 
The new tongue curvature and lateralisation analyses developed in this study offer novel 
insights into tongue configuration that are not captured in the prior analyses that have been 
restricted to the mid-sagittal plane. Our index of tongue curvature in the coronal plane 
returned values of approximately zero, which means that the tongue was almost flat in the 
coronal plane at the tongue blade, in between the two para-sagittal sensors. However, our 
tongue lateralisation measure revealed that one side of the tongue blade was lower than the 
tongue midline in most tokens. For this to occur while the tongue blade remains flat rather 
than convex or concave in the coronal plane, the tongue would need to be configured such 
that one side is lower than the midline while the other side is higher, resulting in a tilt of the 
coronally-flat tongue through the midline, as in a child’s see-saw. This suggests that 
asymmetrical lateralisation (i.e., only one side of the tongue is lowered) played an important 
role in lateral channel formation within the data presented in this study. The lateralisation 
results support Hypothesis 3 that the tongue is under task-directed control during /l/ 
production rather than being a secondary result of tongue elongation. 
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Our para-sagittal analyses further inform the characterization of the three-dimensional 
temporal dynamics of lateralisation. Changes over time in ΔHeight varied in ways that are 
consistent with gestural control of lateralisation, i.e., lateral channel formation, showing 
stability across syllable positions and vowel contexts. Context-independent control is the 
hallmark of gestures as phonological units. We believe this finding supports lateral channel 
formation as a primary rather than secondary gestural goal. We also evaluated how para-
sagittal tongue movement was coordinated with the tongue dorsum gesture, a measure we 
referred to as para-sagittal lateralisation lag. The para-sagittal lateralisation lag was largely 
unperturbed by syllable position or vowel context, indicating that the relative timing between 
lateral channel formation and tongue dorsum retraction remains relatively stable across 
syllable position and vowel context, supporting prediction 5a.1. The lag values were 
consistently positive, indicating that the tongue dorsum target is achieved consistently later in 
time than the lateralisation target. These results further support Hypothesis H3, that 
lateralisation is an actively controlled gesture. That is, even as the timing of the mid-sagittal 
gestural targets varies across syllable position and vowel context, the dynamics of the para-
sagittal gestures remain constant. 
 
Overall, our analyses support active control of TT (coronal) and TM/TD (dorsal) gestures 
during /l/ production as well as of para-sagittal tongue blade. Past work (Ladefoged & 
Maddieson, 1996) has assumed that the main articulatory properties of /l/ arise from the mid-
sagittal gestures. This is to say that these mid-sagittal gestures are actively controlled during 
/l/ production. Our data for the different vowel contexts) also show these mid-sagittal 
articulatory properties. The temporal lag between TT (coronal) and TM/TD (dorsal) gestures 
changes across different syllable positions and vowel contexts. We consider that the TM and 
TD gestures are parts of the dorsal gesture. This assumption is supported by the mid-sagittal 
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lag measure. The TT-TM lag and the TT-TD lag were almost identical. Actively controlled 
coronal and dorsal gestures are consistent with H1 and H2, which were both supported by our 
findings. To achieve the onset and coda /l/ distinction, the mid-sagittal gestural movements 
must coordinate with each other accordingly. For onset /l/s, TT (coronal) gestural movement 
is initiated before TM/TD (dorsal) gestural movement. For coda /l/s, the dorsal gestural 
movement precedes coronal gestural movement. The interaction between vowel and syllable 
position in the mid-sagittal articulation analysis was not significant, indicating that these are 
independent factors affecting timing. This contradicts Sproat and Fujimura’s (1993) argument 
that the TM/TD (dorsal) gesture movement is a passive consequence of the para-sagittal 
tongue gesture. Interestingly, neither the timing of lateralisation (lateral channel formation) 
nor the relative timing between lateral channel formation and tongue dorsum retraction were 
similarly influenced by these factors. This suggests that lateral channel formation may be 
timed to the tongue dorsum retraction gesture in a way that is largely independent of the 
tongue tip gesture. 
 
3.5 Conclusion 
Ladefoged and Maddieson (1996) suggested that lateral side channels are formed as a result 
of tongue elongation, and Browman and Goldstein (1995) argued that lateralisation could be 
a purely secondary consequence of coordinated antagonistic coronal and dorsal gestures. 
Their earlier mid-sagittal findings (e.g., Browman & Goldstein, 1995; Ladefoged & 
Maddieson, 1996) might appear to support the proposal that the goal of coda /l/s in American 
English is the coordination of two gestures (coronal and dorsal) in the mid-sagittal plane, 
since the coronal and dorsal are maximally distant from one another for a fully elongated 
tongue. However, it is unclear whether the coordination of two such gestures would always 
result in a lingual configuration that will to give rise to lateralisation, especially in syllable 
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onsets, especially in languages with ‘clear’ /l/s, such as German and Spanish, where the 
relative proximity of the coronal and dorsal gestural targets means that the tongue is less 
elongated (Proctor, 2009). Our study provides further evidence that the sides of the tongue 
may instead be under active control, which would allow for the formation of one or more 
para-sagittal airways even when the tongue is insufficiently stretched in the mid-sagittal 
plane. The activation duration of a lateral gesture remains fairly constant across contexts that 
influence mid-sagittal gestures. It thus appears that the mid-sagittal gestures, which have 
attracted the bulk of the empirical focus on /l/, may vary in ways that are independent of 
lateral channel formation, behaviour which is captured eloquently by the addition of a lateral 
channel tract variable. 
 
Accounting for this in Articulatory Phonology requires augmenting the theory to include an 
additional tract variable. Therefore, we conclude with a recommendation for further 
development of Articulatory Phonology. On the assumption that our current findings are 
representative of /l/s more generally, tongue blade (i.e., tongue lateralisation in the case of 
English /l/) should be added to the framework as an actively controlled tract variable, to 
augment the set of variables which have so far been used to describe articulatory gestures in 
speech (LP, LA, TTCL, TTCD, TBCL, TBCD, VEL, and GLO). These data suggest that the 
relevant tasks might be described using Tongue Blade Constriction Degree (TBL-CD) and 
Tongue Blade Constriction Location (TBL-CL) variables, where CL could refer to lateral (or 
para-sagittal, in the case of lateral consonants such as English /l/). Other potential TBL-CL 
settings could be dental, post-alveolar, and palatal in the mid-sagittal plane. The inclusion of 
this additional tract variable would allow more accurate modelling of a wider range of 
languages that have laterals including other manner types (e.g., lateral clicks and lateral 
fricatives). An extension of the set of track variables to include tongue blade specifications 
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will have broader phonological relevance beyond the analysis of laterals. For example, it may 
help describe contrastive apical-laminal distinctions in the phonologies of many languages 
(e.g., see Best et al., 2014). Articulatory gestures can be differentiated by CD and CL within 
the same articulatory organ (Goldstein et al., 2006). Some languages have a bimodal 
distribution of TT-CL. For example, Malayalam (a Dravidian language) has a three-way 
distinction between laminal dental, apical alveolar and subapical retroflexes in voiceless oral 
stops. Incorporating active control of the tongue blade and a lateral constriction location 
could make it straight-forward for Articulatory Phonology to account for these inventories. 
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Appendix A 
 
The mid-sagittal articulation analysis: TT-TM lag (Individual) 
 
 
Figure I: Intergestural timing (TT-TM lag) in onset and coda laterals in /ɪ/ and /æ/ context 
for each speaker. 
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Appendix B 
 
The mid-sagittal articulation analysis: TT-TD lag 
 
Figure II: Intergestural timing (TT-TD lag) in onset and coda laterals in /ɪ/ and /æ/ context. 
 
Table I: Model comparison showing the effects of vowel and syllable on TT-TD lag. The 
two-factor model has both vowel and syllable as the fixed effect. The full model has an 
interaction term. The full model shows significant improvement (p > .05) over the simpler 
model (the two-factor model), therefore we report results of the interaction model in Table II. 
 Model of TD lag Df AIC BIC logLik Chisq Pr(>Chis
q) 
Two-
factor 
model 
vowel + syllable + 
(1+(vowel+syllable)|s
peaker) 
10 5676.7 
 
5719.2 
 
-2828.4 
 
-- -- 
Full 
model 
vowel * syllable + 
(1+(vowel+syllable)|s
peaker) 
11 5673.6 
 
5720.3 
 
-2825.8 
 
5.1889  
 
0.02273 
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Table II: Summary of the mixed effects model of TT-TD lag. 
 β S.E. t value Pr (>|t|) 
Intercept 50.138 
 
10.357 
 
4.841 
 
.000 
Vowel (/ɪ/) -22.437 
 
9.838 
 
-2.281 
 
.04 
Syllable position 
(onset) 
-50.606 
 
 
13.762 
 
-3.677 
 
.003 
Vowel /ɪ/ : syllable 
onset 
23.283 
 
10.168 
 
2.290 
 
.04 
 
 
Figure III: Intergestural timing (TT-TD lag) in onset and coda laterals in /ɪ/ and /æ/ context 
for each speaker. 
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Appendix C 
 
Statistical analyses of TM vs Para-sagittal sensor – lateralisation lag by dominant 
tongue side 
 
Table III: Model comparison showing the effects of vowels and syllable positions on para-
sagittal lateralisation lag. The two-factor model has both vowel and syllable as the fixed 
effect. The full model has an interaction term. 
 Model of 
lateralisation lag 
(TM vs. Para-sagittal 
sensor) 
Df AIC BIC logLik Chisq Pr(>Chis
q) 
Two-
factor 
model  
vowel + 
syllable+(1+(vowel+s
yllable)|speaker) 
10 6569.7 
 
6612.2 
 
 
-3274.8 
 
-- -- 
Full 
model 
vowel * syllable + 
(1+(vowel+syllable)|s
peaker) 
11 6570.6 
 
 
6617.3 
 
 
-3274.3 
 
 
1.1285 
 
0.2881 
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Appendix D 
 
TD vs Para-sagittal sensor – lateralisation lag 
                
 
Figure IV: The para-sagittal lateralisation lag of the maximum TD sensor to the maximum 
∆Height of /l/ words in onset and coda position in /ɪ/ and æ/ context. 
 
Statistical analyses of TD vs Para-sagittal sensor – lateralisation lag by dominant tongue 
side 
 
Table IV: Model comparison showing the effects of vowels and syllable positions on para-
sagittal lateralisation lag. The two-factor model has both vowel and syllable as the fixed 
effect. The full model has an interaction term. 
 Model of 
lateralisation lag (TD 
vs. Para-sagittal 
sensor) 
Df AIC BIC logLik Chisq Pr(>Chis
q) 
Two-
factor 
model 
vowel + syllable + 
(1+(vowel+syllable)|s
peaker) 
10 6569.3 
 
6611.8 
 
-3274.7 
 
-- -- 
Full 
model 
vowel * syllable + 
(1+(vowel+syllable)|s
peaker) 
11 6570.2 
 
6616.9 
 
-3274.1 
 
1.1192 
 
0.2901 
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Abstract 
The relationship between the articulatory and acoustic properties of lateral approximants is 
still imperfectly understood. Research on articulatory-acoustic relations in /l/ production has 
been primarily focused on mid-sagittal articulation, such as tongue tip raising and tongue 
body retraction (Sproat & Fujimura, 1993; Browman & Goldstein, 1995). The relative lack of 
data on para-sagittal articulation represents a critical gap in our understanding of /l/ 
production. The present study investigated the acoustic properties associated with para-
sagittal lateralisation in Australian English /l/. Production of /l/ in two different vowel 
environments (/æ/ and /ɪ/) by six speakers of Australian English was tracked using three-
dimensional electromagnetic articulography, with synchronized audio recordings. Degree of 
lateralisation was tracked over time, by comparing parasagittal tongue height to mid-sagittal 
height at the tongue blade. Analysis of the relationship between formant frequencies and 
degree of tongue lateralisation revealed a positive correlation between F3 values and tongue 
lateralisation on the dominant side. This finding indicates that acoustic characterization can 
be directly related to articulatory data. Tongue lateralisation is a strong predictor of F3 
frequency.  
Keywords: /l/ production; articulation and acoustics; tongue lateralisation; electromagnetic 
articulography 
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4.1 Introduction 
The lateral approximant /l/ has several variants in most varieties of English (Huffman, 1997). 
As well as syllabic realizations (e.g. [l̩] in middle), two main positional allophones of /l/ have 
been identified in American English (Sproat & Fujimura, 1993; Browman & Goldstein, 1995; 
Lin, 2011) and some varieties of British English (Cruttenden, 2008; Turton, 2017): syllable-
onset, and syllable-coda variants. Onset /l/ is typically more palatalized, and coda /l/ is 
typically more pharyngealized or velarized (Chomsky & Halle, 1968; Ladefoged, 2001). 
Articulatorily, both variants of /l/ have been shown to involve two coordinated gestures in the 
mid-sagittal plane: a tongue tip gesture and a tongue dorsum gesture (Sproat & Fujimura, 
1993; Browman & Goldstein, 1995). The two lateral allophones differ both in the relative 
magnitude of movement in the tongue tip and dorsum gestures, and the relative timing 
between the two gestures. In addition to syllable position effects, coarticulation with a 
neighbouring vowel can also affect tongue position. A recent electromagnetic articulography 
(EMA) study on English /l/ production demonstrated that an adjacent vowel effects /l/ 
production in the mid-sagittal plane more than in the para-sagittal plane (Ying et al., 
submitted). 
 
Many studies have examined the articulatory (Sproat & Fujimura, 1993; West, 1999; Wrench 
& Scobbie, 2003) and acoustic (Giles & Moll, 1975; Epsy-Wilson, 1992; Huffman, 1997) 
characteristics of English /l/. Only a few studies, however, have addressed the relationship 
between the acoustics and the articulation of /l/ (e.g., Ying, Shaw, Kroos, & Best, 2012), and 
none that we are aware of compare the acoustics of /l/ to the dynamics of lateral channel 
formation. To address this deficit, this study investigates how the acoustic and articulatory 
properties during /l/ production are correlated, particularly with respect to the formation of 
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the lateral channel(s) during /l/ production, to improve our current understanding of acoustic-
articulatory relations in /l/.  
 
4.1.1 The articulatory characteristics of /l/ 
/l/s are typically produced with an alveolo-palatal lingual contact along the mid-sagittal 
plane, with air flowing along one or both sides of the tongue blade (Ladefoged & Maddieson, 
1996). /l/ production involves a raising and fronting tongue tip gesture, and a lowering and 
retracting tongue body gesture. Ladefoged and Maddieson (1996) propose that mid-sagittal 
articulation alone could give rise to the lateral channel(s) that characterize /l/: when the 
tongue tip stretches forward at the same time that the tongue dorsum retracts, the two 
antagonistic gestures elongate the tongue and cause the tongue blade at either side or both 
sides to pull away from the side teeth, creating a lateral channel for airflow along the sides of 
the tongue.  
 
Sproat and Fujimura (1993) also proposed that American English /l/s involve two gestures, 
but described it them as a consonantal apical gesture (tongue tip) and a vocalic dorsal gesture 
(tongue dorsum). The consonantal tongue tip raising and fronting gesture is relatively 
stronger in onset /l/ than in coda /l/. On the other hand, the production of coda /l/ is more 
dominated by the “vocalic” dorsal gesture (Sproat & Fujimura, 1993). This is consistent with 
evidence that coda /l/ is realized with a delayed tongue tip gesture. In a cinefluorographic 
study conducted by Giles and Moll (1975), the tongue body was lower and more retracted in 
syllable-coda /l/ than in syllable-onset /l/, and tongue tip raising and fronting was less 
pronounced as the tongue body pulled further back. Onset /l/s, conversely, were produced 
with a more anterior tongue dorsum position and undershoot of apical alveolo-palatal contact. 
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Those studies examined lingual articulation of /l/ in the mid-sagittal plane only. However, 
lateral production cannot be characterized solely in terms of mid-sagittal tongue movements. 
A few authors (Stone et al., 1991, 1992; Stone & Lundberg, 1996; Alwan et al., 1997; 
Narayanan et al., 1997) have speculated that active para-sagittal tongue blade gestures are 
involved in lateral channel formation. One recent ultrasound study has demonstrated that the 
production of /l/ also includes lateralisation of the tongue blade, at least in syllable-onset /l/s 
(Lin, Beddor & Coetzee, 2014). Narayanan, Byrd and Kaun (1999) have also suggested that 
/l/ production goes beyond the mid-sagittal constriction targets. They argue that the para-
sagittal tongue blade, the tongue tip, and the tongue body movements are all active and 
independent movements but work together to produce an /l/. The complex tongue movements 
during the production of /l/ take advantage of the tongue as a “boneless, jointless structure 
that can elevate, depress, widen, narrow, extend, retract, and move differentially, both 
laterally-to-medially and left-to-right” (Stone, Faber and Cordaro 1991).  
 
4.1.2 The acoustic characteristics of /l/ 
The acoustic properties of /l/ vary depending on vowel contexts, syllable positions and 
speakers. These variations make /l/ more difficult than other consonants to characterize 
acoustically. Lower formants are more typically more prominent than the higher formants, 
which are reduced in intensity due to the influence of lateral anti-formants (Narayanan et al., 
1999). The first formant (F1) frequency in /l/ is low. The second formant (F2) frequency 
varies depending on the location of the tongue body according to syllable position and vowel 
context (Ladefoged and Maddieson, 1996). Table 4.1 shows a summary of F1 and F2 
frequencies in English /l/ across syllable position from two classic datasets (Lehiste, 1964; 
Bladon & Al-Bamerni, 1976).  
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Lehiste (1964) examined the acoustic of /l/s in different syllable positions (onset vs. coda) 
and vowel contexts (high vowel context /i, u/ vs. low vowel context /æ, ɔ:/) in American 
English. She measured mean F1, F2 and F3 frequencies in /l/. She found that F3 is high in 
/l/s. She suggested that the spectral discontinuities might result from anti-formants and 
identified the high F3 as F4. This claim is in line with Fant’s (1960) study. Only F1 and F2 
frequencies are shown in Table 1. In another study, Bladon and Al-Bamerni (1976) 
investigated allophonic variations in the quality of Received Pronunciation (PR) /l/. Onset 
/l/s, coda /l/s and syllabic /l/s under a wide range of vowel contexts were examined. 
Measurements were made of a few spectral properties including the first four formants (F1, 
F2, F3 and F4). They found that the most determinant /l/ quality is F2 frequency. Only F1 
and F2 frequencies were reported in their study (Bladon & Al- Bamerni, 1976).  
 
F3 is associated with the cavity in front of the closure location (Fant, 1960), and is also 
affected by the back cavity (Steven, 1998; Carter, 2002, p. 84). In the following discussion, 
we discuss what is already known about how the location of the tongue tip and tongue body 
constrictions along the mid-sagittal vocal tract affect the F1 and F2. 
 
Table 4.1: Summary of the first two formant frequencies and/or range in American English 
and British English /l/s across different syllable positions.  
Data Syllable position 
Formants Data 
Syllable 
position 
Formants 
F1 F2 F1 F2 
Lehiste, 
1964 
onset 
295 Hz 950 Hz Bladon & Al-Bamerni, 
1976 
onset 300~425 
Hz 
1100~16
00 Hz 
coda 
455 Hz 795 Hz 
coda 350~550 
Hz 
700~100
0 Hz 
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4.1.3 Articulatory-acoustic relations in /l/ production  
We focus our discussion of articulatory-acoustic relations for /l/ on Fant’s tube theory of 
speech acoustics (1960) and a modification of the tube theory (Stevens, 1998). Fant (1960) 
modelled the production of /l/ as a tube with lateral side channel(s) in which F1 is 
approximately a Helmholtz resonance with acoustic mass due to the lateral airflow. A low F2 
value is caused by the influence of tongue body retraction on the pharyngeal cavity. F3 is 
roughly a resonance of the oral cavity anterior to that constriction. The production of /l/ with 
alveolo-palatal tongue tip contact forms two sub-cavities, one behind the constriction by the 
tongue blade, the other under the raised tongue tip. The cavity under the tongue tip is 
acoustically coupled with the back cavity. This adds poles and zeros in the transfer function. 
According to Fant (1960), the sub-cavity formed by the tongue blade contributes to the 
additional zero, while the entire cavity contributes to the additional pole. This additional 
pole-zero pair can cause formant shifting.  
 
Regarding the effect of the lateral channel(s) on the acoustics, Stevens (1998) proposed a 
modification of Fant’s tube theory. He proposed that the frequency of F3 is affected by the 
lateral channel(s). When the two lateral channels are asymmetrical, additional zeros are 
added to the vocal tract. The location of the zeros varies across speakers with the length of 
the lateral channel. Stevens (1998) claimed that the lateral channel formation should modify 
the spectrum in the frequency range of 2500 ~ 4000 Hz, i.e., typically of F3.  
 
Narayanan, Alwan and Haker (1995, 1997) confirmed the presence of asymmetrical lateral 
channels in their magnetic resonance imaging (MRI) and electropalatographic (EPG) data in 
American English /l/, and proposed some acoustic consequences of the articulatory 
configurations revealed by these data. Most of the spectral energy of /l/ is typically 
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concentrated below 5 kHz. Helmholtz resonances between a large back cavity and the lossy 
oral configuration result in a low frequency wide bandwidth F1 in the range 250 to 500 Hz. 
An F2 in the range 1250 to 1450 Hz is the characteristic resonance of a back cavity with a 
length between 12 and 14 cm (Narayanan et al. 1997: 1074). 
 
The studies above provide rich information on the relations between articulatory-acoustic 
characteristics of English /l/ based on consideration of articulation in the mid-sagittal plane. 
By definition, /l/s are apical consonants with mid-sagittal closure behind the incisor. This 
mid-sagittal tongue tip closure causes the lateral channel to form along the side(s) of the 
tongue blade (Narayanan et al., 1999), which curl downwards. Formation of the lateral 
channel has acoustic consequences. According to Stevens (1998), it contributes a pole-zero-
pole cluster in the frequencies below 5 kHz. In addition to the acoustic effects of the lateral 
channel, the formation of a sublingual cavity (the area under the raised tongue tip) can also 
affect the acoustics. The sublingual cavity size predicts F3 frequency. It lowers the frequency 
associated with the front cavity as the volume of the front cavity increases (Narayanan & 
Alwan, 1996). Stevens (1998) also suggests that the sublingual cavity can set up an additional 
pole-zero pair around 2000 ~ 5000 Hz in the spectrum.   
 
Recasens and Espinosa (2005, 2012) summarise the observed articulatory-acoustic 
relationships in /l/ production: 1) Higher F1 frequency is associated with lower jaw position, 
lower tongue dorsum height, and wider cross-sectional lateral constriction, whereas a lower 
F1 frequency is associated with higher jaw position, higher tongue dorsum height, and 
narrower cross-sectional lateral constriction; 2) Higher F2 frequency is associated with higher 
and more fronted tongue dorsum, greater dorso-palatal contact, shorter back cavity, and 
narrower back constriction, whereas lower F2 frequency is associated with lower and more 
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backed tongue dorsum, less dorso-palatal contact, longer back cavity and wider back 
constriction: 3) Higher F3 frequency is more associated with coda allophones than onsets; for 
clear laterals and laterals produced in low vowel contexts, F3 frequency is lower. Though 
these findings are based on /l/ production in Spanish, a few cross-language studies have 
shown that the articulatory and acoustic characteristics of dental [l]s in various languages 
appear to be very similar (Narayanan, Alwan, & Haker, 1997). 
 
Most of the studies reviewed above have focused on the relation of the mid-sagittal gestural 
movements (tongue tip raising and tongue dorsum retraction) and their acoustic 
consequences. Thus far, there have been no studies on the acoustic characteristics associated 
with para-sagittal tongue blade movements during lateral channel formation, and their 
relationship to mid-sagittal articulatory movements. Investigating those articulatory-acoustic 
relationships was the goal of the study reported here. 
 
4.1.4 The present study 
The aim of the present study was to determine the relationships between the articulatory and 
acoustic properties of lateral channel formation, specifically in Australian English /l/. Using 
3D electromagnetic articulography (EMA), we examined tongue movement at key points on 
the midline (mid-sagittal) and sides (para-sagittal) of the tongue to track the formation of the 
lateral channel during /l/ production. Combined with simultaneous high-quality audio 
recordings, these data provide new detail on the acoustic consequences of para-sagittal 
kinematics during production of /l/. 
 
Lack of data on lateral channel formation represents an empirical gap which could potentially 
adjudicate between two different theoretical interpretations of the available kinematic data for 
/l/ production and their expected acoustic consequences. Extrapolating from past work on 
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articulatory and acoustic properties of /l/ production (Stone et al, 1991, 1992; Stone & 
Lundberg, 1996; Alwan et al., 1997; Narayanan et al., 1997; Proctor, 2009), four predictions 
(P1, P2, P3 and P4) were formulated for the present study: 
 
• Prediction 1: Tongue lateralisation (i.e., para-sagittal tongue blade movement) will be 
inversely correlated with F1 frequency. Traditionally, F1 frequency is associated with 
tongue body height (Recasens & Espinosa, 2006). However, according to Lin, Beddor 
& Coetzee (2014), the tongue tip (TT) constriction value can indirectly reflect tongue 
blade constriction, i.e., tongue lateralisation (Sproat & Fujimura, 1993; Proctor, 2011; 
Lin, Beddor & Coetzee). A moderate correlation between tongue lateralisation and F1 
frequency is expected, since F1 frequency has been found to be correlated with both 
TT and tongue blade constriction. 
 
• Prediction 2: F3 frequency and tongue lateralisation will be correlated. According to 
Fant (1960), F3 is associated with the cavity in front of the closure location. For this 
reason, a strong correlation between tongue lateralisation and F3 frequency is 
expected. 
 
• Prediction 3: F2 frequency is associated with tongue dorsum (TD) position; therefore, 
tongue lateralisation is expected to be less strongly related to F2 frequency than it is 
to F1 and F3 frequencies. 
 
• Prediction 4: As the effects of syllable position on tongue lateralisation are minimal 
(Ying et al., submitted), the effects on both F1 and F3 frequencies will also be 
minimal.  
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4.2 Methods 
The present study was designed to investigate articulatory-acoustic relationships in lateral 
channel formation during /l/ production in Australian English (AusE). The approach was 
informed by our previous findings on the same articulatory data, in which we had determined 
the relationships between known variations in the timing of mid-sagittal gesture movements 
and the para-sagittal dynamics involved in /l/ formation (Ying et al., submitted). 
 
4.2.1. Participants 
Six monolingual AusE speakers (three females and three males; mean age 22.2 years, range = 
19-35 years) participated (Ying et al., submitted). None of the participants were characterized 
as having atypical speech, and none had pervasive syllable-final lateral vocalization; that is, 
they articulated their final /l/s as lateral approximants rather than as high back vowels. All 
were living in Sydney at the time of data collection. They were paid for their participation 
and were naïve to the purpose of the experiment. Written consent was obtained from all 
participants and the study was conducted with approval from the ethics committee of Western 
Sydney University.  
 
4.2.2. Experimental material 
/l/s were elicited word-medially in disyllabic words of the form /ˈCVb.lәt/ or /ˈ(C)Vl.bәt/, 
allowing comparison of both syllable-onset and syllable-coda /l/s. In both syllable-onset and 
syllable-coda positions, /l/s were preceded by a stressed front vowel, either /æ/ or /ɪ/. The 
vowels /æ/-/ɪ/ were chosen because of the different constraints that they place on the shape of 
the tongue preceding /l/. During the production of /l/, the tongue tip (TT) is raised, the tongue 
middle (TM) is lowered, and the tongue dorsum (TD) is retracted gradually (Sproat & 
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Fujimura, 1993; Goldstein, 1995; 1996; Campbell & Gick, 2003). According to Stone and 
Lundberg’s (1996) 3D ultrasound study, the vowel /æ/ requires the opposite para-sagittal 
configuration as /l/; that is, /æ/ usually has a medial groove tongue shape, such that the sides 
of the tongue are curved up (instead of curved down as in /l/) to form a spoon-shaped, 
concave configuration in the coronal plane, a shape which conflicts with lateral channel 
formation. In contrast, a high front vowel such as /ɪ/ does not conflict to the same degree with 
the tongue shape required for /l/. The TT and TM are raised for /ɪ/ production, with the 
tongue showing a convexity in tongue blade in the coronal plane and a concavity at the 
tongue back. We found previously that vowel contexts affect /l/ production mid-sagittally, 
but not para-sagittally (Ying et al., submitted). Target words were read aloud in the carrier 
phrase “keep __ here”, with adjacent /p/ and /h/ chosen to minimize lingual coarticulation 
effects. /b/ preceding or following the /l/ is used in both target forms for this purpose as well. 
(see Table 4.2). The stimuli were presented in 10-word blocks, with ten repetitions for each 
target word, randomized across blocks for each participant. Each recording session took 
approximately 25 minutes for a participant to complete.  
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Table 4.2: Target words used to elicit Australian English /l/s. Note that AusE is a non-rhotic 
variety of English, thus final -ert is pronounced [әt]. 
preceding 
vowel 
æ ɪ 
mid-sagittal 
tongue shape  
concave convex 
Representations orthographic IPA orthographic IPA 
CVC.lVC tablet 
cablet 
[ˈtæb.lәt] 
[ˈkæb.lәt] 
 
tiblet 
kiblet 
[ˈtɪb.lәt] 
[ˈkɪb.lәt] 
 
(C)Vl.CVC Talbot 
Calbert 
Albert 
[ˈtæl.bәt] 
[ˈkæl.bәt] 
[ˈæl.bәt] 
 
Tilbert 
Kilbert 
Ilbert 
[ˈtɪl.bәt] 
[ˈkɪl.bәt] 
[ˈɪl.bәt] 
 
4.2.3. Procedure 
Experiments were conducted at the MARCS Institute Speech Production Laboratory at 
Western Sydney University. Articulographic data were acquired at a rate of 100 Hz using an 
NDI Wave electromagnetic articulography (EMA) system (Northern Digital Inc., Canada). 
Synchronized companion speech audio was recorded at a 22,050 Hz sampling rate using a 
Schoeps Colette Series Supercardioid microphone and EURORACK UB802 preamplifier. 
Tongue, lip and jaw movements were tracked using three EMA sensors affixed mid-sagittally 
to the tongue tip (TT; ~5 mm behind the apex), tongue middle (TM; ~20 mm behind the TT 
sensor) and tongue dorsum (TD; between 20 and 35 mm behind the TM sensor, depending on 
the participant’s tolerance), and another two sensors affixed para-sagitally to the sides of the 
tongue blade (on the top surface ~5 mm from the edges of the tongue and ~15 mm from both 
the TT sensor and the TM sensor). The TD sensor was located 45 to 60 mm posterior to the 
TT sensor, depending on each speakers’ comfort level. Figure 4.1 provides a schematic of the 
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tongue sensor placement: the ‘Southern Cross’ configuration we designed for our prior 
analyses (Ying et al., submitted) to allow measurement of para-sagittal dynamics.  
 
Sensors were also attached to the lower jaw on the gum line between the two central incisors; 
to the upper lip and lower lips along the vermillion border in the mid-sagittal plane; to the left 
mastoid (LM) and right mastoid (RM); and to the nasion (NA). The LM, RM and NA sensors 
were used for correction of head motion for post-collection data processing. Three sensors 
are required to account for the translation and rotation of the head using x, y, and z 
coordinates. The occlusal (bite) plane was determined by having speakers clench a semi-
circular protractor between their upper and lower teeth. Two sensors were attached to the 
corners of the protractor and the third sensor was attached to the centre of the circular portion 
of the protractor to define a rigid occlusal plane.  
 
 
Figure 4.1: Tongue sensor positions in the ‘Southern Cross’ configuration designed for 
articulographic investigation of mid-sagittal and para-sagittal movements in speech (view of 
tongue from above; Ying et al., submitted). 
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Participants were familiarized with the target words before recording. Elicitation sentences 
were presented on a computer monitor placed approximately 120 cm in front of the 
participant, and participants were instructed to read the sentences at a comfortable speaking 
rate. 
 
4.2.4. Data processing and measurements 
Articulographic data were corrected for head movement and rotated into a common 
coordinate system: x = anterior-posterior; y = left-right; z = up-down. Sensor displacement 
was expressed with respect to an origin located on the speaker’s occlusal plane, along the 
midline and immediately behind the upper incisors. Kinematic data from the lingual sensors 
were filtered and smoothed using a robust DCT-based penalized least squares algorithm 
(Garcia, 2010). Smoothing splines (gss R package; Gu 2002) were applied to time-varying 
measurements derived from the kinematic data to observe general trends across tokens. 
 
EMA data were first visualized using MVIEW, a MATLAB-based program developed by 
Mark Tiede at Haskins Laboratories (Tiede, 2005). MVIEW displays the positional signal of 
the sensors, time-aligned with the acoustic speech signal. Visualization of the data revealed 
that /l/ production primarily involved horizontal (x) motion of the TD sensor, and vertical (z) 
motion of the TM, TT and two para-sagittal tongue blade sensors, tongue blade left (TL) and 
tongue blade right (TR).  
 
A set of temporal landmarks was identified in the acoustic signal to define a window in 
which the articulatory data could be measured. These landmarks were identified by visual 
inspection of acoustic waveforms and spectra in PRAAT (Boersma & Weenink, 2015), and 
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articulatory analysis was conducted in MVIEW. The local maximum in TTz typically 
occurred within the period of acoustic evidence for the following /b/ closure in /ˈ(C)Vl.bәt/ 
(syllable-coda /l/) words. In /ˈCVb.lәt/ (syllable-onset /l/) words, the local maximum in TTz 
instead occurred before the period of acoustic evidence of the unstressed vowel /ә/. Based on 
these observations, Vl.b segment sequences for coda-/l/ words and Vb.l segment sequences 
for onset-/l/ words were both demarcated in PRAAT using the acoustic onset of stressed pre-
lateral vowel and the acoustic onset of unstressed post-lateral vowel. This segmentation 
protocol ensured that the TTz gesture extremum (highest position, or peak) associated with /l/ 
production would occur within the segmentation boundaries for both coda and onset /l/ 
tokens. Figure 4.2 shows two examples of acoustic landmarks in vowel-/l/ sequences 
produced by female speaker F03. 
 
 
Figure 4.2: Identification of Analysis Window. Acoustic waveform and spectrum of [æl.b] 
(left) and [æb.l] (right) produced by female speaker F03. Vertical red lines indicate the 
endpoint landmarks of the analysis window. Left landmark: acoustic onset of stressed pre-
lateral vowel. Right landmark: acoustic onset of unstressed post-lateral vowel. 
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4.2.4.1. Acoustic measurements 
Noise reduction was applied to all files using Audacity (Version 2.0.6). The parameters were 
set at 30 dB for noise reduction (dB), 1 dB for sensitivity (dB), 200 Hz for frequency 
smoothing (Hz), and 0.15 seconds for decay time (seconds). After reducing the noise, a three-
formant estimation (F1, F2, and F3 frequency) was conducted in PRAAT using the Burg 
linear predictive coding (LPC) method. The F3 ceiling varies across speakers (3600, 3400 
and 3900 Hz for the females, but 3200 Hz for all three males) so it was optimized 
independently for each speaker using a method similar to Escudero et al. (2009). F1, F2 and 
F3 measurements were using different ceiling heights in Praat. The ceiling heights were 
automatically determined for each speaker. The speaker-dependent measurements were 
imported to R, where the variance for each formant was calculated at each step, and the three 
formant variances were summed together. The summed variances were plotted, and the F3 
ceiling that resulted in the lowest variance was logged (i.e., the F3 frequency ceiling that 
resulted in the most consistent measurements of F1, F2, and F3 frequency for the given 
speaker’s data). The speaker-optimized ceilings were verified manually in PRAAT by 
comparing the resulting formant tracks against a broadband spectrogram. The formant tracks 
throughout the analysis window were the same identical time window as shown in Figure 2. 
The formant tracks were generated based on the speaker-optimized F3 ceiling frequencies. Z-
score formant normalization was then carried out for each speaker. 
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4.2.4.2. Articulatory measurements 
Temporal alignment of TD, TM, TT, TL and TR trajectories is illustrated in Figure 4.3, for 
the words talbot and tablet; differences in TT height and TD retraction are compared across 
syllable positions. In both syllable positions, the para-sagittal left and right sides of the 
tongue blade (TL and TR) are raised in concert with TT during /l/ production, with at least 
one side of the tongue blade (either TL or TR) slightly higher or lower than TT (for speaker 
F03 shown in Figure 4.3). In tablet TL is about 1.35 mm lower than TT at 350 ms. In talbot, 
TT is about 1.5 mm higher than TL. TDx retraction and TMz lowering can be observed in 
both tokens. The maximum TD retraction is about -42.6 mm at 170 ms and the maximum TM 
lowering is about 0.7 mm at 310 ms in tablet. This negative coordinate is relative to the 
occlusal plane, i.e., distance behind the occlusal plane origin. In talbot, the maximum TD 
retraction is about -41.8 mm at 160 ms and the maximum TM lowering is about -3.3 mm at 
240 ms. Then TT, TL and TR rise gradually for the /l/ and lower slightly for the following /ә/. 
Thus, in syllable-coda position (tal.bot), TT is lower, TM is lower and TD is slightly less 
retracted than in syllable-onset position (tab.let), in which TT is raised, TM is lowered and 
TD is slightly more retracted.  
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                          [ˈt        æ         b.           l        ә             t]    
 
 
      [ˈt         æ       l.               b    ә         t      ]            
 
Figure 4.3: /l/ articulation in onset (top panel) and coda (bottom panel) positions. Top-to-
bottom in each panel: acoustic waveform; tongue dorsum movement in the anterior-posterior 
(x) dimension (TDx); then tongue middle (TMz), para-sagittal tongue left (TLz), para-sagittal 
tongue right (TRz) and tongue tip (TTz) movements in the vertical (z) dimension. Example 
utterances tablet (top panel) and talbot (bottom panel) produced by female speaker F03. x-
axes: time (ms); y-axes: displacement (mm). 
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Partly due to previous limitations in sensing technology, and partly because of a prior focus 
on mid-sagittal articulation, there has been comparatively little prior research on para-sagittal 
dynamics of tongue movements in speech. It was for that reason that we developed the 
Southern Cross sensor configuration, which includes a para-sagittal sensor on each side of the 
tongue blade (Ying et al., submitted). 
 
We developed novel analyses designed to address para-sagittal dynamics in /l/ production 
and inform our understanding of lateral channel formation, and at the same time to allow us 
to assess how variations in the mid-sagittal plane influence the timing of lateral channel 
formation. In order to estimate lateralisation of the tongue blade in the coronal plane, a mid-
sagittal tongue blade sensor is required. One methodological innovation in this study was that 
we mathematically estimated the tongue blade sensor in the mid-sagittal plane from 
relationships among the para-sagittal sensors and the mid-sagittal TT and TM sensors, instead 
of simply using the TT sensor data. The issue with using the TT sensor data alone is that the 
TT sensor is typically higher than the para-sagittal sensors in /l/ production, particularly when 
the anterior portion of the tongue rises to form a constriction for /l/. Also, the TT sensor and 
the para-sagittal sensors are not situated in the same sagittal or coronal planes. Estimating a 
mid-sagittal tongue blade sensor from the relationships among the para- and mid-sagittal 
sensors solves these two issues. 
 
The steps we used to estimate the mid-sagittal tongue blade sensor are: Firstly, a second-
order polynomial was fitted to the x (horizontal anterior-posterior) and z (vertical) 
dimensions of the three mid-sagittal sensors (TT, TM, TD), thus estimating the mid-sagittal 
curve of the tongue (concave, flat, or convex). Secondly, the average position of the para-
sagittal tongue sensors (TR and TL) in the x dimension was used to locate an intersection 
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point along the mid-sagittal polynomial. The x (front-back), y (side-to-side), and z (height) 
dimension values of this intersection point served as the estimated location of the mid-sagittal 
tongue blade sensor (virtual TB). This virtual sensor represents the intersection of the mid-
sagittal (TT-TM-TD) and coronal planes at a location that falls midway between the two 
para-sagittal sensors (TR-TL). The virtual TB sensor location in the horizontal (x) plane was 
determined by the position of the dominant-side para-sagittal sensor for each token to ensure 
that all the relevant measurements used in our new para-sagittal lateralisation index were 
located in the same coronal plane. The dominant side of tongue lateralisation is the one with 
the lower para-sagittal sensor, as this is where the side branch characteristic of lateral anti-
formants forms. We observed in our data that in each token of /l/ only one lateral channel was 
formed, on either left or right side of the tongue blade. While there may be a smaller side 
channel that admits airflow on the non-dominant side, or other speakers for whom the lateral 
airflow is equally bifurcated, these possibilities are not addressed by the current study. 
 
To measure tongue lateralisation in the coronal plane, we created an index referred to as 
∆Height, which captures the degree to which the dominant side of the tongue blade (the 
lower of the two para-sagittal sensors) differed in height from the mid-sagittal virtual TB 
sensor at any given point in time. During /l/ production, the speakers in this study typically 
tilted (i.e. roll around the x-axis) one side of the tongue blade more than the other, either left 
or right. Formula (1) below was used to calculate the token-by-token difference between the 
mid-sagittal virtual TB sensor and the dominant para-sagittal sensors in the vertical (z) 
dimension (1) at each time sample in the analysis. The time course of lateralisation during /l/ 
production was indexed as the temporal relationship between the mid-sagittal virtual TB 
sensor and the dominant para-sagittal sensor positions over time. 
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 ΔHeight = virtual TBz - dominant para-sagittalz 
where dominant para-sagittal =TLz or TRz 
(1) 
 
4.2.5. Dataset normalisation process 
The z-score normalisation method was used to standardise the articulatory and the acoustic 
data, so that we can compare the dataset across speakers. The y-axis in all figures of the 
Results section show the normalised values for tongue lateralisation, F1, F2 and F3 
frequency.  
 
4.3. Results 
4.3.1. The articulatory dynamics of tongue lateralisation 
Smoothing spline analysis of variance (SSANOVA) was applied to the temporal trajectories 
of the tongue lateralisation from the acoustic onset of the stressed pre-lateral vowel to the 
acoustic onset of unstressed post-lateral vowel (300 ms), represented by ΔHeight. Figure 4.4 
shows the time course of tongue lateralisation (in the coronal plane) on the dominant side for 
/l/ tokens produced after stressed /æ/ versus /ɪ/. The y-axis shows the magnitude of tongue 
lateralisation. In this measure, a value of zero indicates a flat tongue along the coronal plane 
between the para-sagittal sensor and the estimated tongue blade sensor, a positive value 
indicates that the dominant tongue side is lower than the midline of the tongue, and a 
negative value indicates that the dominant side of the tongue is higher than the midline of the 
tongue. The x-axis shows a time window of 800 ms, which covers the entire V-/l/ interval. 
The peak of tongue lateralisation occurs at about 200 ms. The /l/s adjacent to /æ/ appear to 
achieve slightly greater magnitude of peak tongue lateralisation compared to /l/s adjacent to 
/ɪ/. In addition, the lateralisation peak appears to occur slightly earlier in /æ/ context than in 
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/ɪ/ context. However, neither of these differences is significant, as there is considerable 
overlap between the peaks of the turquoise line for /ɪ/ and the rose-coloured line for /æ/. 
 
 
Figure 4.4: Tongue lateralisation (in the coronal plane) of /l/ tokens in the contexts of 
preceding stressed /æ/ versus /ɪ/. The y-axis shows ∆Height (normalised tongue 
lateralisation); higher values indicate greater lateralisation. The x-axis shows a time window 
of 300 ms from the onset of the stressed vowel (V1) and incorporates /l/ production in all 
cases. The relevant portion of the trajectories is the peaks between 180 ~ 250 ms, which 
indicate the timing and magnitude of maximal tongue lateralisation as indexed by ∆Height.  
 
Figure 4.5 shows the temporal dynamics of tongue lateralisation (ΔHeight) of the dominant 
side (by-token analysis) in the coronal plane over the same 300 ms interval from the onset of 
V1. The ∆Height is defined as the point in time at which the difference in height between the 
mid-sagittal blade and the para-sagittal blade is greatest. It differs across vowel by syllable 
position contexts. Higher ∆Height values indicate greater magnitude of tongue lateralisation, 
i.e., more lowering of dominant side of the tongue blade. The ∆Height value of zero refers to 
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a flat tongue shape. At the beginning of the temporal window (left side of Figure 4.5), i.e., 
during V1, ΔHeight is higher, i.e., the dominant side of the tongue blade is already lower, for 
/æ/ preceding the onset /l/ (green line) than for the other three vowel by syllable position 
contexts. The coda /l/ following /ɪ/ (turquoise line) reaches its ∆Height peak at roughly 250 
ms, whereas the onset /l/ following /æ/ (green line), coda /l/ following /æ/ (rose-coloured 
line), and onset /l/ following /ɪ/ (purple line) reach their ∆Height peak at about 200 ms. 
 
The maximum degree of lateralisation obtained also varies across vowel by syllable position 
contexts. The coda /l/ following /æ/ (rose-coloured line) and the onset /l/ following /ɪ/ (purple 
line) have a lower ∆Height peak than the other two contexts, and their trajectories are almost 
overlapped. The onset /l/ following /æ/ (green line) has the highest ∆Height peak among all 
four contexts. That of the coda /l/ following /ɪ/ (turquoise line) is lower than the onset /l/ 
following /æ/ (green line), but higher than the coda /l/ following /æ/ (rose-coloured line) and 
the onset /l/ following /ɪ/ (purple line). 
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Figure 4.5: Temporal dynamics of tongue lateralisation on the dominant side of the tongue 
blade in the coronal plane. The x-axis shows the time window of 300 ms from the onset of 
V1. The y-axis shows ∆Height (normalised tongue lateralisation). A value of zero indicates a 
flat tongue shape along the coronal plane between the para-sagittal sensor and the mid-
sagittal tongue blade virtual sensor. A positive value indicates the dominant side of the 
tongue blade is lower than the mid-sagittal tongue blade virtual sensor. 
 
4.3.2. The acoustic measurements of tongue lateralisation 
4.3.2.1. F1 frequency 
Figure 4.6 shows the temporal dynamics of F1 frequency over the 300 ms interval from the 
onset of V1. According to the ∆Height results, the acoustic peak of lateralisation for /l/ occurs 
between 200 to 300 ms. The F1 peaks in the /l/ are higher for coda /æ/ and /ɪ/ (rose-coloured 
line and turquoise line) than the rising but non-peaked values for onset /l/s following /æ/ and 
/ɪ/ (purple line and green line). There is a steady drop following the peak for the coda /l/s.  
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Figure 4.6: Temporal dynamics of F1 frequency. The x-axis shows the time window of 300 
ms from the onset of V1. The y-axis shows normalised F1 values. Black lines on the x-axis 
indicate the target time window.  
 
4.3.2.2. F2 frequency 
Figure 4.7 shows the temporal dynamics of F2 frequency over the same 300 ms interval. 
Based on our ∆Height results, the acoustic peak for /l/ occurs after 200 ms. Coda /l/s 
following /æ/ and /ɪ/ (rose-coloured line and turquoise line) have higher peaks than onset /l/s 
following the two vowels (purple line and green line). The F2 values of the two peaks (rose-
coloured line and turquoise line) are quite similar, and they remain roughly constant.  
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Figure 4.7: Temporal dynamics of F2 frequency. The x-axis shows the time window of 300 
ms from the onset of V1. The y-axis shows normalised F2 values. Black lines on the x-axis 
indicate the target time window.  
 
4.3.2.3. F3 frequency 
Figure 4.8 shows the temporal dynamics of F3 frequency over the same 300 ms time window. 
The target time window is between 200 to 300 ms. The F3 peaks for onset /l/s following /æ/ 
(green line) and /ɪ/ (purple line) occur at about 230 ms and 200 ms, respectively. Coda /l/s 
following both vowels (rose-coloured line and turquoise line) have a sharp drop during the 
target time window.  
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Figure 4.8: Temporal dynamics of F3 frequency. The x-axis shows the time window of 300 
ms from the onset of V1. The y-axis shows normalised F3 values. Black lines on the x-axis 
indicate the target time window.  
 
4.3.3. Statistical analysis of articulatory-acoustic relationships 
To evaluate the reliability of the descriptive results above, three linear mixed effect (LME) 
models (one each for F1, F2 and F3 relationships to ∆Height) were fit to the normalised 
∆Height values using the lme4 package (Bates, Maechler, Bolker, Walker, 2014) in Rstudio 
Version 3.6.1. The following models were tested: 
 
F1 ~ ∆Height + vowel*syllable + (1|speaker) + (1|item) 
F2 ~ ∆Height + vowel*syllable + (1|speaker) + (1|item) 
F3 ~ ∆Height + vowel*syllable + (1|speaker) + (1|item) 
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The Bonferroni-adjusted significance level was set to 0.017, for comparison across the three 
models. The vowel context (/æ/ and /ɪ/) and syllable position (onset and coda) were included 
as fixed effects. Random intercepts were included for speaker and item (i.e., token order) in 
each model. Estimates for t-statistics and p-values were generated using Satterthwaite 
approximation in the lmerTest package (Kuznetsova, Brockhoff, & Christensen, 2016).  
Model comparison was conducted by back-fitting along the Akaike Information Criterion 
(AIC) to measure quality of fit.  All models were conducted with a three-way interaction term 
(∆Height*vowel*syllable). If a three-way-interaction term and a two-way-interaction term 
were both significant, then the three-way-interaction term and the two-way-interaction term 
were compared using analysis of variance (ANOVA) models with a Chi-square test to 
determine whether the reductions in the residual sum of squares are significant. If the two 
models did not differ significantly, then the simpler model was retained.  
 
In order to examine which formant is best predicted by tongue lateralisation, we conducted a 
relative importance analysis (RIA) in R (Grömping, 2006). The analysis was performed using 
calc.relimp function in R. The function calculates several relative importance metrics for 
linear models using a method (lmg) developed by Lindemann, Merenda and Gold (1980). 
lmg calculates the relative contribution of the predictor to the R2. According to Lindemann, 
Merenda and Gold (1980, p119), lmg is the R2 contribution averaged over ordering among 
predictors. The proportion of the variance is represented by R2. A larger R2 means that the 
predictor is more important to explain the outcome variable.  
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4.3.3.1. Linear mixed effect models 
Table 4.3 shows the results of the LME model of normalised F1 frequency (normalised 
tongue lateralisation). The main effect of ∆Height is significant with a negative estimate (β=-
0.057). This means that the normalised F1 frequency and ∆Height have a systematic and 
inverse relationship as shown in Figure 4.9. As ∆Height increases, F1 frequency decreases. 
The other two main effects (vowel and syllable) are significant as well. Vowel has a negative 
estimate (β = -0.738), which indicates that F1 frequency is significantly lower for /ɪ/ than /æ/. 
Syllable also has a negative estimate (β = -0.152), which indicates that F1 frequency is 
significantly lower for onset than coda /l/s (see Figure 4.9). There is a significant positive 
interaction (β = 0.167) between vowel and syllable, which indicates that the difference in F1 
between /ɪ/ and /æ/ is greater for onset than coda /l/s. 
 
Table 4.3: Results of LME model on the relationship between F1 and ∆Height. 
Main effects and interactions β S.E. t value Pr (>|t|) 
Intercept 0.324 0.120 2.720 0.040 
∆Height -0.057 0.014 -4.105 <0.001 
Vowel -0.738 
 
0.026 
 
-28.382 
 
<0.001 
Syllable -0.152 
 
0.029 
 
-5.196 <0.001 
∆Height * Vowel 0.080 0.020 3.926 <0.001 
∆Height * Syllable -0.023 0.022 -1.046 0.296 
Vowel /ɪ/ * Syllable 0.167 0.041 4.024 <0.001 
∆Height * Vowel * Syllable 0.060 0.033 1.793 0.070 
      (Bonferroni-adjusted significance 0.017) 
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Figure 4.9: The relation of F1 frequency and ∆Height. The x-axis shows ∆Height 
(normalised tongue lateralisation); the y-axis shows the normalised F1 frequency (all the data 
points are within three standard deviations). Vowel context is separated by colour and 
syllable position is separated by plots (left panel: onset position; right panel: coda position).  
 
Table 4.4 shows the LME model results on the relationship between normalised F2 frequency 
and ∆Height. There was a modest overall relationship between ∆Height and F2, as reflected 
in the borderline significance of the main effect for ∆Height (p = 0.017). Both vowel and 
syllable effects are significant; both have positive estimates (β = 0.199 and β = 0.246, 
respectively). F2 frequency is higher for /ɪ/ than /æ/, and it is higher for onset than coda /l/s 
(see Figure 4.10). The interaction between ∆Height and vowel was significant with a positive 
estimate (β = 0.071), indicating that the relationship between F2 frequency and ∆Height is 
more strongly positive when the preceding vowel is /ɪ/ than /æ/. The three-way interaction 
(∆Height, vowel and syllable) was also significant. The negative estimate (β = -0.140) shows 
that the relationship between F2 and ∆Height are different in onset /l/s compared to coda /l/s: 
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when /l/s are in onset position, the relationship is more negative for both vowels; but when 
/l/s are in coda position, the relationship is less negative for both vowels.  
 
Table 4.4: Results of the LME model on the relationship between F2 and ∆Height. 
Main effects and interactions β S.E. t value Pr (>|t|) 
Intercept -0.301 0.126 -2.399 0.060 
∆Height 0.038 0.016 2.379 0.017 
Vowel  0.199 0.028 7.163 <0.001 
Syllable  0.246 0.031 7.882 <0.001 
∆Height * Vowel 0.071 0.023 3.080 0.002 
∆Height * Syllable -0.058 0.026 -2.263 0.023 
Vowel * syllable 0.087 0.044 1.960 0.050 
∆Height * Vowel * Syllable -0.140 0.038 -3.714 <0.001 
      (Bonferroni-adjusted significance 0.017.) 
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Figure 4.10: The relation of F2 frequency and tongue lateralisation. The x-axis shows 
∆Height (normalised tongue lateralisation); the y-axis shows the normalised F2 frequency (all 
the data points are within three standard deviations). Vowel context is separated by colour 
and syllable position is separated by plots (left panel: onset position; right panel: coda 
position). 
 
Table 4.5 shows the results of the LME model on the relationship between normalised F3 
frequency and ∆Height. The main effect of ∆Height is significant, with a positive estimate (β 
= 0.079), indicating a systematic positive relationship between ∆Height and F3. The main 
effect of vowel is also significant with a positive estimate (β = 0.262), which indicates that F3 
frequency is significantly higher for /ɪ/ than /æ/ (See Figure 4.11). The three-way interaction 
among ∆Height, vowel and syllable is significant, and has a positive estimate (β = 0.097). 
The relationship of F3 to ∆Height for /ɪ/ is more positive than that for /æ/. The vowel 
difference is more positive in onset /l/s.  
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Table 4.5: Summary of the relation of F3 frequency and tongue lateralisation. 
Main effects and interactions β S.E. t value Pr (>|t|) 
Intercept -0.136 0.301 -0.449 0.671 
∆Height 0.079 0.016 5.043 <0.001 
Vowel 0.262 0.034 7.561 <0.001 
Syllable  -0.044 0.039 -1.138 0.256 
∆Height * Vowel 0.012 0.023 0.516 0.606 
∆Height * Syllable 0.029 0.025 1.155 0.248 
Vowel * Syllable 0.038 0.055 0.683 0.495 
∆Height * Vowel * Syllable  0.097 0.037 2.604 0.009 
         (Bonferroni-adjusted significance 0.017.) 
 
 
Figure 4.11: The relation of F3 frequency and tongue lateralisation. The x-axis shows 
∆Height (normalised tongue lateralisation); the y-axis shows the normalised F3 frequency (all 
the data points are within three standard deviations). Vowel context is separated by colour 
and syllable position is separated by plots (left panel: onset position; right panel: coda 
position). 
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4.3.3.2. Relative importance analysis 
Given that tongue lateralisation (∆Height) is a strong predictor of both F1 and F3 frequencies, 
a relative importance analysis was performed. In this case, tongue lateralisation was modelled 
using the formants (F1, F2, and F3 frequencies). The following model was tested: lm 
(∆Height ~ F1 + F2 + F3). The proportion of variance explained by the model is about 
6.32%. Metrics are normalised to sum to 100%. The relative importance metrics are: 27% for 
F1 frequency, 21% for F2 frequency, and 52% for F3 frequency. As mentioned earlier, a 
predictor with greater proportion means that the predictor is more important. Therefore, 
tongue lateralisation predicts F3 values most strongly and F2 values least strongly. 
 
4.4 Discussion 
In this study, the relationship between the acoustics and the articulation of /l/ was examined. 
The normalised (z-score) frequency values of F1, F2 and F3 frequency were compared to the 
normalised (z-score) ∆Height, an articulatory measure of tongue lateralisation. We made four 
predictions: 1) tongue blade lateralisation will be inversely correlated with F1 frequency; 2) 
tongue blade lateralisation and F3 frequency will be positively correlated; 3) tongue blade 
lateralisation will be less related with F2 frequency than it is to F1 and F3 frequency; and 4) 
the effect of syllable position on F1 and F3 frequencies to tongue blade lateralisation will be 
minimal. Statistical analyses were conducted to examine each of these aspects of acoustic-
articulation relationships. 
 
Prediction 1, 2, and 3 were upheld; however, Prediction 4 was not supported. The statistical 
analyses show that tongue blade lateralisation, as indexed by our novel measure ∆Height, was 
inversely correlated with F1 frequency, supporting Prediction 1. As tongue blade 
lateralisation increases, F1 frequency decreases. F3 frequency and the tongue lateralisation 
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show a strong positive correlation, supporting Prediction 2. Compatible with Prediction 3, the 
relationship between tongue blade lateralisation and F2 frequency was less robust, only 
showing borderline significance. The data on vowel effects was at odds with Prediction 4, 
however. The effect of syllable position affects F1 frequency, but not F3 frequency. In order 
to determine which formant is most strongly affected by tongue lateralisation, a relative 
importance analysis was conducted. The results show that tongue lateralisation is a stronger 
predictor of F3 frequency than F1 frequency for the /l/ data in this study. 
 
Previous studies (Giles & Moll, 1975; Espy-Wilson, 1992; Huffman, 1997) have reported a 
systematic and consistent inverse correlation between F1 frequency and tongue tip height. In 
addition to this, vowel context also has an effect on /l/ production. Figure 4.9 illustrates 
that /ɪ/ contexts condition lower F1 frequencies for both onset and coda /l/, compared to /æ/ 
contexts. This is because /ɪ/ is produced with a raised tongue tip – i.e., lower F1 – while /æ/ is 
produced with a lower tongue tip, i.e. higher F1. In terms of the syllable position effect, onset 
/l/s tend to have lower F1 values compared to coda /l/s. 
 
F2 frequency is traditionally considered to be associated with the front-back movement of 
tongue body. A retracted tongue body usually has low F2 frequency. An advanced tongue 
body usually has high F2 frequency. In most varieties of English, onset /l/s are produced with 
a less retracted tongue body than coda /l/s. Therefore, onset /l/s tend to have higher F2 
frequency than coda /l/s (Bladon, 1976; Recasens, 2012). Since tongue lateralisation occurs 
mostly in the blade, which is the front portion of the tongue, while front-back positioning of 
the tongue is primarily associated with tongue body movement, this could explain why F2 
has only a borderline relationship to tongue blade lateralisation.    
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As for F3 frequency, Fant (1960) suggests that it is associated with the front cavity anterior to 
the closure location. Recasens (2012) reported that onset /l/s in Catalan tend to have lower F3 
frequency than coda /l/s. However, as our data suggest, the relationship between syllable 
position and formant frequency are likely to be affected by adjacent vowel context. Figure 
4.11 shows that onset /l/s have higher F3 frequency than coda /l/s. Our statistical model 
shows a significant relationship between F3 frequency and ∆Height, and the model reveals a 
strong relationship between vowel and ∆Height. We also found a complex three-way 
interaction among ∆Height, vowel context and syllable position in the F3 LME model. This 
interaction might possibly reflect individual speaker variation in lateral channel formation, 
affecting anti-formants in the lateral channel. During /l/ production, a central constriction is 
formed at the dental place of articulation. This constriction has an important consequence: it 
traps a pocket of air. This pocket of air is usually considered to be the main source of anti-
formants. Since the main airflow is also behind the central constriction, the anti-formants will 
weaken any acoustic energy of the cavity. As observed in past studies (Bangayan et al., 1996; 
Narayanan & Alwan, 1996), lateral channel asymmetry can also give rise to anti-formants, 
which may vary from speaker to speaker. Overall, the left and right lateral channels are 
unequal. The area(s) of the lateral channel(s) start increasing behind the linguo-alveolar 
contact, and start decreasing as the lateral channel(s) gets close to linguo-velar contact. Those 
authors speculated that the area increase is due to tongue lateralisation. The anti-formants 
created by the lateral channel can be observed in the higher formants (usually F3 ~ F5). Anti-
formants absorb energy and weaken the signal in these frequency regions.  
 
Additional anti-formants can be formed at the sublingual cavity. The sublingual cavity is 
formed by linguo-alveolar contact in /l/ articulation. Zhou (2009) summarised that anti-
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formants could be produced in the following three situations: (1) The length of the lateral 
channel is short; (2) The lateral channels are asymmetrical; (3) the linguo-alveolar 
constriction is not narrow enough, thereby increasing the sublingual cavity. Relatedly, 
Narayanan and Alwan (1996) found that the sublingual cavity can predict F3 frequency. 
Specifically, it reduces the frequency associated with the front cavity as the volume of the 
front cavity increases.  
 
The earlier studies we have reviewed can be divided into two categories: 1) mid-sagittal 
tongue movements and their resulting acoustics on /l/ production; 2) lateral channel(s) 
formation on static /l/ production. Neither of these two categories covers the topic of the 
effect of active lateral channel(s) formation on the acoustics. The present study fills that 
empirical gap. We presented dynamic data on the lateral channel formation and its resulting 
acoustics. One of the most important findings in this study is that unlike F1 and F2, there is 
no effect of syllable position on F3. Typically, F1 and F2 frequencies are associated with the 
mid-sagittal tongue movements: F1 is related with tongue tip height and F2 is related with 
tongue body backness. The values of F1 and F2 frequencies show specific pattern depending 
on the syllable position of the /l/ (onset vs. coda). In terms of F3 values, we found that it is 
related with tongue lateralisation. While F1 and F2 values vary across syllable positions, F3 
value remains constant across different positions. In our previous study (Ying et al., 
submitted), we found that lateral channel formation show stability across syllable position 
and vowel context. This means that lateralisation is an actively controlled gesture; even as the 
mid-sagittal gestures vary across syllable positions. Context-independent control is the 
hallmark of gestures as phonological units. Stevens (1972) observed that the acoustics are 
insensitive to changes in the articulation over a part of its range, whereas at the other part of 
its articulatory range the acoustics can change rapidly, and at another part the acoustics can 
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be insensitive again. The insensitive region of acoustics is known as the stable region, and the 
rapid change region is unknown as the unstable region. 
 
According to Stevens (1972), this type of articulatory and acoustic relation defines a 
distinctive feature. Sproat and Fujimura (1993) proposed a [+lateral] feature for /l/. They 
speculated that tongue tip gesture and tongue blade narrowing gesture are in active control 
during /l/ production. They further postulated that tongue body retraction is a consequence of 
these two gestures resulting from the volume-preserving nature of the tongue. In our previous 
study (Ying et al., submitted), we found that all the three gestures (tongue tip gesture, tongue 
blade gesture and tongue dorsum gesture) are actively controlled. The tongue body retraction 
is not simply a secondary articulation. Evidences from coda /l/s show that the tongue body 
gesture occurs prior to the tongue tip gesture in the mid-sagittal plane. In terms of 
articulatory-acoustic relation, we found that the constant characteristics of the tongue blade 
gesture and F3 frequency are the defining attributes of /l/. Since most articulatory data on /l/s 
have revealed that there are multiple gestures (tongue tip raising and tongue body retraction) 
in the mid-sagittal plane, and these two gestures are typically associated with F1 and F2 
frequencies, these findings on tongue lateralisation and the resulting acoustics deepens our 
understanding of /l/ articulation. 
 
4.5 Conclusion 
In this study, relationships between articulatory and acoustic properties of Australian English 
/l/ have been examined in new detail, by exploring the timecourse of lateral articulation and 
the acoustic consequences for formant frequencies. We found that degree of tongue 
lateralisation – the relative height of the sides of the tongue compared to midsagittal blade 
height – is a strong predictor of F3 frequency. It remains to be seen if this relationship holds 
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true for /l/ in other varieties of English and in other languages. More research needs to be 
conducted to examine the reliability of F3 frequency as an index of tongue lateralisation.  
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Chapter 5. General discussion and conclusion 
 
This thesis investigated the articulatory characteristics of lateral channel formation and its 
resulting acoustics in Australian English /l/. The study aimed to contribute new knowledge 
about /l/ production by addressing the following issues: 
 
(1) What is the contribution to /l/ of para-sagittal tongue blade activity; and how do the 
para-sagittal articulatory activities affect mid-sagittal articulation during /l/ production? 
 
(2) How do the articulatory goals of lateral channel formation in /l/ production relate to 
its acoustic properties? 
 
The findings from the two experimental chapters (Ch. 3 and Ch. 4 were written in the form of 
stand-alone journal articles) have provided novel, informative insights into these issues. In 
Chapter 3, aspects of Sproat and Fujimura’s (1993) study were replicated for Australian 
English and extended. The chapter explored how syllable position and vowel context 
influence gestural coordination in /l/. New metrics for characterizing tongue lateralisation and 
tongue curvature were introduced. These analyses provided the first direct examination of the 
para-sagittal dynamics of /l/ articulation. In Chapter 4, these para-sagittal articulatory metrics 
were used to investigate the relationship between articulation and the acoustic properties of 
/l/s. In the following sections, the key findings of each experimental chapter are summarized 
and discussed.  
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5.1 Summary of Chapter 3 
Chapter 3 showed how known variations in timing of mid-sagittal tongue gestures are related 
to para-sagittal dynamics in /l/ in Australian English (AusE) using three-dimensional (3D) 
electromagnetic articulography (EMA). Two analyses of articulation of syllable-onset and 
syllable-coda /l/s were conducted in words of the form /ˈCV1b.lәt/ and /ˈCV1l.bәt/, where V1 
= {/æ/, /ɪ/}. The mid-sagittal articulation analysis successfully replicated the main findings 
from Sproat and Fujimura’s (1993) study. The tongue tip and tongue body gestures were 
found to be roughly synchronous in syllable-onset /l/s. In coda /l/s, tongue body gestures 
were initiated prior to the tongue tip gestures; the time difference between the gestures is 
referred to as (gesture) lag. The study also found that the quality of the vowel preceding /l/ 
had an effect on gesture lag. The gesture lag for /l/ following /æ/ was longer than when 
following /ɪ/. The interpretation of the result was that the different tongue shapes associated 
with vowels might contribute to the mid-sagittal lag duration. Past work (Stone & Lundberg, 
1996) had found that the tongue midline was grooved for /æ/ and domed for /ɪ/. Thus, the 
mid-sagittal tongue shape required of /æ/ and /l/ are in conflict, whereas those of /ɪ/ and /l/ are 
compatible. Moreover, /æ/ is a low vowel and /ɪ/ is a high vowel. The tongue tip has further 
to travel from /æ/ to /l/ than from /ɪ/ to /l/. In some cases, the spatial position of the 
articulators can influence the relative timing of gestures, such that movement starts earlier 
when the articulator has further to travel (Shaw & Chen, 2019).  
 
In this case, the tongue tip gesture has further to travel from its position for /æ/ than for /ɪ/. 
We might therefore expect earlier movement of the tongue tip for /æ/ than for /ɪ/. All else 
equal, this would decrease lag between the gestures tracked in the mid-sagittal plane in the 
environment of /æ/ relative to that for /ɪ/. The fact that we saw the opposite pattern, i.e., 
increased lag preceding /æ/, indicates that the timing between the tongue dorsum retraction 
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and tongue tip raising is malleable. While we observed temporal variation in the mid-sagittal 
plane, indexed by our lag measure, across vowels, the timing of the lateral channel remained 
fairly consistent. 
 
To track lateral channel formation, novel metrics were developed to characterize para-sagittal 
tongue dynamics. The key findings from these novel para-sagittal articulation analyses of /l/s 
were as follows: (1) unlike the temporal lag between gestures in the mid-sagittal plane, the 
duration and timing of para-sagittal lateralisation remained stable across vowels contexts and 
syllable positions; (2) asymmetries were observed for most speakers in the magnitude of 
parasagittal articulation used to create lateral channels (left versus right side of tongue blade); 
(3) the primary mechanism used to create a lateral channel by most speakers observed in this 
study was tilting of the tongue, as opposed to symmetrical curving the tongue in the coronal 
plane (by lowering both sides). The results were interpreted as evidence that tongue 
lateralisation was actively controlled and that it was, therefore, a primary articulatory goal of 
/l/ production.  
 
5.2 Summary of Chapter 4 
In Chapter 4, the relationship between lateral channel formation and its resulting acoustics 
was examined. Three sets of analyses were conducted on the relation between tongue 
lateralisation and F1, F2, and F3 frequencies, respectively. Among all these acoustic 
measures, tongue lateralisation was correlated with F1 and F3 frequencies. F1 was inversely 
correlated with tongue lateralisation. As tongue lateralisation increased, F1 frequency 
decreased. Even though F1 frequency was traditionally associated with tongue tip height, the 
findings from Chapter 4 suggested that tongue lateralisation may also be a reliable predictor 
of F1 frequency. In terms of the relation between tongue lateralisation and F3 frequency, the 
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results showed a positive correlation between the two variables. As tongue lateralisation 
increased, F3 frequency also increased. In order to determine which formant had a strong 
effect on tongue lateralisation, a relative importance analysis was conducted. The results 
showed that tongue lateralisation was a stronger predictor of F3 frequency than of F1 
frequency, though it was reliable for both formants.  
  
5.3 General discussion 
The main claim of Chapter 3 was that a tongue blade lateralisation gesture was one of the 
primary articulatory goals of /l/ production. Past studies (Browman & Goldstein, 1995; 
Ladefoged & Maddieson, 1996) have shown that the mid-sagittal gestures (tongue tip raising 
and tongue body retraction) were actively controlled articulatory properties during /l/ 
production. The articulatory data from Chapter 3 also confirmed this. The tongue tip and 
tongue body gestures varied in their coordination across vowel contexts and syllable 
positions. In syllable-onset position, the tongue tip gesture preceded the tongue body gesture, 
while in syllable-coda position, the tongue body preceded the tongue tip gesture, consistent 
with previous findings for English /l/. However, in terms of the para-sagittal gesture, the 
results of the timing of lateralisation and the relative timing of lateral channel formation and 
tongue body retraction were not affected by vowel contexts and syllable position. In fact, the 
para-sagittal tongue blade gesture remained consistent across contexts. This indicates that the 
tongue blade lateralisation gesture was independent. Within the framework of Articulatory 
Phonology (AP), I argued in Chapter 3 that an additional tract variable might be needed to 
accommodate these patterns. Before outlining the argument for a new tract variable, I briefly 
review the relevant issues in the framework of AP.  
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A contemporary question in Articulatory Phonology (AP) is how to integrate state-based 
feedback into dynamic systems. One possible way to achieve this is by estimating the current 
state of the articulator being controlled and gathering controls based on the estimated state. 
While the state is constantly changing during speech, the system that controls the change is 
constant. A dynamical system is time-invariant, but lawfully produces time-varying states. 
This is to say that change in state is continuous, but change in the system is discrete. Each 
consonant and vowel can be thought of as a motor task organised to achieve a goal for a 
particular state variable. For example, a dynamic system has a specific goal and stiffness. For 
each pair of track variables, the goal is a positional parameter that specifies the target of tract 
variables.  Stiffness is a temporal parameter that specifies the time required to achieve a 
certain target in the framework of AP (Broman & Goldstein, 1989).  Stiffness can also be a 
dynamic parameter, and is conditioned by constriction degree, stress and speaking rate 
(Browman & Goldstein, 1984). 
 
In the framework of AP, gestures are the basic units of speech production and phonological 
specification. Gestures are task-specific, and they control a set of articulators to form a local 
constriction (also known as constriction degree — CD) within a specific location (also known 
as constriction location — CL) of the vocal tract (Browman & Goldstein, 1992). These tract 
variables describe the configuration of vocal tract and speech production goals. Changing of 
the state over time will induce a change in the vocal tract articulators. For example, a pattern 
of inter-dependency among the articulators specific to a task allows the task to be performed 
in different ways in different environmental contexts. This results in different articulatory 
movements for the same task (e.g., this can be the case of onset and coda /l/s).  
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Within this framework, there are two possible ways to form the lateral channel. In the first 
way, the lateral channel is formed by the elongation of the two ends of the tongue along the 
mid-sagittal plane. The coordinated action of TT raising (and/or fronting) and TD retraction 
lengthens and narrows the tongue blade and forms channels along the sides of the tongue. 
This mechanism of lateral channel formation would be a passive process in that it is a by-
product of the (primary) mid-sagittal gestural movements. A second possible mechanism of 
lateral channel formation is an active process in which the sides of the tongue are lowered 
directly (accompanied at the same time by active or passive TT raising and TD retraction). If 
this lateral channel formation is in fact the primary goal of production of laterals, it would 
have to be specified as a tract variable, just like the other eight variables which have so far 
been used to describe gestures (LP, LA, TTCL, TTCD, TBCL, TBCD, VEL, and GLO). 
 
The addition of tract variables for tongue lateralisation to the existing set of tract variables 
will extend the framework to better enable it to characterize the details of /l/ articulation 
which this study has shed new light on. Tongue blade constriction degree and location (TBL-
CD and TBL-CL) are proposed as the acronyms of the lateral tract variables, where TBL-CL 
settings could refer to dental, post-alveolar, and palatal (as referred to the mid-sagittal plane) 
location of lateral channel formation on the dominant (lower) side of the tongue for a given 
token or speaker. The proposed tongue blade specification will have broader phonological 
implication beyond the analysis of /l/ (e.g., the apical vs. laminal and place of articulation 
distinctions in lateral approximant contrasts in the phonologies of other languages: e.g., see 
Ladefoged & Maddieson, 1996). Articulatory gestures can be differentiated by CD and CL 
within the same articulatory organ (Goldstein et al., 2006). Some languages have a bimodal 
distribution of TT-CL. For example, Malayalam (a Dravidian language) has a three-way 
distinction between laminal dental, apical alveolar and subapical retroflexes in voiceless oral 
stops. Incorporating active control of the parasagittal tongue blade and a lateral constriction 
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location could make it straight-forward for Articulatory Phonology to account for these 
inventories. The associated articulators are tongue blade (TBL), tongue tip (TT), and tongue 
body (TB). The degree of tongue lateralisation would not affect by syllable position and 
vowel context. This means the value of TBL would remain stable, while the values of TT and 
TB would vary accordingly. 
 
Active control of tongue lateralisation is possible because there are direct muscles for this.  
Tongue lateralisation requires strong activation of superior longitudinal, posterior or middle 
genioglossus, mylohyoid, and verticalis and low activation of inferior longitudinal, anterior 
genioglossus and hyoglossus muscles (Gick et al., 2017). During /l/ production, posterior 
genioglossus and superior longitudinal are responsible for linguo-alveolar contact; mylohyoid 
is responsible for elevating the tongue body; and verticalis is for expanding the tongue body 
laterally due to the hydrostatic nature of the tongue (Gick et al., 2017). In another study about 
the intrinsic muscles of the human tongue, Cooper (1957) stated that “the spindles in the 
vertical muscle occurred fairly far forward in the tongue in those muscle bundles that must be 
active in any movement which flattens the tongue or curls up the lateral edges”. Data on the 
muscular behaviour of the tongue are difficult to obtain. Electromyography (EMG) data for 
the tongue are scarce, and data of this type is static. Improvements are required (e.g., tract 
analysis in MRI, simulation etc.). There are a few challenges (e.g., a large number of possible 
combinations of tongue muscles can yield similar tongue position and shape).  
 
Based on these new articulatory data, and the new insights into /l/ production they provide, 
the acoustic characteristics of tongue lateralisation have been investigated in new detail in 
this thesis (Chap 3-4). Analysis of the relationship between formant frequencies and measure 
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of tongue lateralisation reveals a positive correlation between lateralisation on the dominant 
side of the tongue blade and F3 frequency.  
 
Fant’s (1960) tube model of vocal tract acoustics in speech provides a framework to model 
the effect of constrictions in vowels and consonants on acoustics. Standard assumptions in 
interpreting acoustic formants of vowels in terms of articulatory configurations are that 
tongue height and F1 are inversely correlated, and that tongue backness and F2 are also 
inversely correlated. /l/s are modelled with a three-tube model, consisting of a back tube, a 
narrow middle tube, and a front tube. Under typical conditions, F1 is the resonance of the 
front tube and F2 is the resonance of the back tube. The lateral channels along the sides of the 
tongue are created by the medial occlusion and modelled as an additional post-constriction 
branching cavity in the side-cavity area (Stevens, 2000; Narayanan et al, 1999). Depending 
on the position (syllable-onset vs. -coda) of /l/, F1 and F2 frequencies change accordingly. 
Interestingly, the articulatory-acoustic relation remains consistent across syllable positions. 
Stevens (1972) observed that changes in the acoustics are insensitive to change in articulation 
over a part of the articulatory range, and at the other part of the articulatory range the 
acoustics can change rapidly, and at yet another part the acoustics can be insensitive again. 
The insensitive region of acoustics is known as the stable region, and the rapid change region 
is unknown as the unstable region. Stevens and Keyser (2010) hypothesised that this kind of 
articulatory-acoustic relation defined a distinctive feature. The distinctive feature has some 
phonological remarks. Phonologists use the term feature to describe language processes (e.g. 
velum lowering in nasal consonant). Stevens and Keyser (2010) claimed that the distinctive 
feature was a gross description of the vocal tract and the position of its articulator. A certain 
feature was chosen because its efficacy in describing phonological process. /l/ production in 
English defines the feature [+lateral]. The lateral channel formation creates anti-formants 
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around 2000 Hz. The anti-formants (i.e., zero) cancel out other formants (i.e., pole). The 
pole-zero pair creates a stable region in the articulatory-acoustic relations.  
 
5.4 Summary of contributions 
The study established the foundation for these new insights about production of lateral /l/ by 
replicating past work (Sproat & Fujimura, 1993) with an additional vowel context. The 
additional vowel context revealed that the standard articulatory measurements from Sproat 
and Fujimura (1993) only work for a limited context, but not in all cases. In order to solve 
that problem, two novel articulatory measurements were developed to gain a better 
understanding of lateral channel formation in /l/. One of the key innovations of the study was 
the examination of time course data on /l/ in both the mid- and para-sagittal planes. The key 
findings were that (1) asymmetrical lateralisation was found to be more closely related to the 
formation of the lateral channel than to coronal-plane tongue blade curvature; (2) the tongue 
blade gesture along with the tongue tip and tongue body gestures were all independent from 
each other; (3) tongue lateralisation was the most optimal predictor of F3 frequency in the 
scope of this study.  
 
The results were interpreted as evidence that the formation of the lateral channel is a primary 
and active goal of /l/ production. The maximum of tongue lateralisation followed the target of 
tongue body lowering/retraction consistently across vowel and syllable contexts. Whereas 
every other measure of articulator movement varied context dependently, the interval of 
lateralisation showed stability across contexts despite variation in other articulatory and 
acoustic phonetic measures. 
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5.5 Limitation 
This study showed the articulatory and acoustic characteristics of tongue lateralisation in 
syllable-onset and -coda /l/s, it also raised some other issues. First, the present study did not 
examine what might happen to other phonotactically determined tongue blade behaviours of 
/l/ in English (e.g., l-vocalisation). Second, only one speech style was tested in the study, 
which was the careful reading style; casual/conversational speech was not investigated. 
Third, the instrumental technique used in the study had some limitations. As EMA uses a 
flesh-point tracking system, it is an effective tool to track tongue movements. However, the 
limited possible numbers and positions of EMA sensors make it difficult to define mid-
sagittal tongue curvature precisely, which we did via a quadratic fit. Given these limitations, 
2D ultrasound may be a better option as it provides a more complete image of tongue surface 
curvature in either the mid-sagittal or the coronal plane. Indeed, newly developed 3D 
ultrasound may provide more complete information about how lateral channel formation 
relates to the dynamics of mid-sagittal tongue shape, as it conveys information about tongue 
surface shape in both planes at once. 
 
5.6 Future directions 
In this section, some possible future directions are addressed. The inclusion of the additional 
tract variable (tongue blade) to the Articulatory Phonology framework would allow more 
accurate modelling of a wider range of dialects and languages that have laterals including 
other manner types (e.g., lateral clicks and lateral fricatives). It will be interesting to observe 
whether this generalization holds for /l/ in various contexts in English and in other languages. 
The other interesting direction for future work is that to explore non-lateral consonantal 
segments adjacent to /l/. For example: What will happen to laterally released /t/ and /d/ in 
words like middle and little? Another avenue for future work is that to refine the instrumental 
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techniques. I propose to use EMA in conjunction with ultrasound in an experiment to 
investigate tongue lateralisation and tongue curvature during /l/ production. Ultrasound is an 
effective technique to show tongue surface shape. These possible directions can provide us a 
better understand of active tongue lateralisation, and will enable broader applications and 
more grounded theories of speech production.  
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